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A B S TR A C T

Ecologists have long known that complex habitats often provide prey with refugia from
predation. This is true for a wide variety of habitat types and for a wide variety of prey
species, in terrestrial, freshwater and marine systems. Despite the recognized importance of
structural habitat complexity, ecologists have defined and measured complexity in many
different ways. I propose four new indices of structural habitat complexity that are
dimensionless, that can be applied across various habitat types and scales, and that directly
measure how structural complexity interferes with a predator's foraging ability. These
indices are: 1 1) Ct/At. the total area of cover within a habitat (Ct) divided by the area of the
habitat (At). (2) Cw/Pw. the average width of the individual structures within a habitat (Cw )
divided by the appropriate width of the prey organism (Pw). (3) Sp/Pr. the average interstructural space size within a habitat (Sp) divided by the width of the predator (Pr), and
Sp/Py. the average inter-structural space size within a habitat (Sp) divided by the width o f the
prey (P y ). C t/At measures the amount of cover available within a habitat that interferes with
a predator's ability to see. or otherwise sense, prey within the habitat. Cw/Pw measures the
extent to which a prey is visible when hiding behind individual structures. Sp/Pr measures
the extent to which the structure interferes with a predator's ability to move through the
habitat in search of. or while pursuing, prey. Sp/Py measures the extent to which the structure
interferes with a prey's ability to move through the habitat. I predicted that prey survivorship
should (1) increase hvperbolicallv with increasing Ct/At, (2) increase hyperbolically with
increasing Cw/Pw. and (3) decrease sigmoidally with increasing Sp/Pr. I also predicted that
different sized fauna should respond differently to artificial seagrass plots deployed in a
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seagrass bed. based on the size of the inter-structural spaces relative to their body sizes
i Sp/Py i. In a series of 4 laboratory experiments I found that prey survivorship increased
hvperbolieally with increasing C t/At, and decreased sigmoidally with increasing Sp/Pr. In
one laboratory experiment I found no effect of Cw/Pw on prey survivorship. In one field
experiment I found that small fauna responded positively to increased structure in artificial
seagrass plots deployed in a seagrass bed. but after controlling for structural surface area
w ithin each plot there was no difference between treatments, indicating no effect of Sp/Py on
small fauna. Larger fauna responded to the treatments slightly differently than the small
fauna, hut the pattern of their response did not support the hypothesis that Sp/Py was
important for them. The smaller fauna also appeared to respond positively to increased water
flow speeds within the seagrass bed. and there are several possible mechanisms to explain
this result.
These experimental results and the new indices o f complexity may be useful to
ecologists and managers interested in predator - prey - habitat interactions. These indices can
potentially be applied to any habitat type and they are also dimensionless, so they can be
used to compare the results of studies conducted in different habitats and across different
spatial scales. The indices, and the predicted shapes of the relationships between the indices
and prey survivorship, account for the mechanism by which habitat structure promotes prey
survivorship by interfering with predator foraging ability. As a result, these indices may be
useful to managers that want to construct artificial habitats or modify natural habitats for a
particular predator or prey species. Complex habitats interfering with a predator's foraging
success and providing refuge for prey is a very common phenomenon, and these indices will
aid ecologists in understanding why and how refugia function.

xii
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CHAPTER 1: GENERAL INTRODUCTION

Complex habitats often have both greater faunal abundances and diversities than
nearby, simpler habitats. Mechanisms that cause these patterns include, but are not limited to:
decreased physical stress (Dean and Connell 1987), increased food availability (Hicks 1985,
Gorham and Alevizon 1989). increased resource or niche availability (O ’Connor 1991),
increased amounts of surface area for living (Heck and Wetstone 1977), decreased
competition (Diehl 1988) and increased refuges from predation (Orth et al. 1984). In the
literature, ecologists have focused the most attention on the effect that complex habitats have
on predator - prey relationships. Ecologists have demonstrated that complex habitats provide
refuges from predation in a wide variety of terrestrial, freshwater and marine habitat types,
and for \arious taxa. including: mammals (Dickman 1992, Sweitzer and Berger 1992),
insects (Pierce 1988), birds (Schneider 1984, Lima et al. 1987), fish (Heck and Orth 1980,
Werner and Hall 1988), crustaceans (Jordan et al. 1996), and mollusks (Aronson 1986).
Despite the recognized importance of habitat complexity, there is disagreement
among ecologists about how to best define and measure it (Lipcius et al. 1998). For example,
marine ecologists have often measured specific aspects of a particular habitat type as
complexity: Spartina altem iflora culm density (Van Dolah 1978), number of seagrass blades
/ square meter (James and Heck 1994) and amount o f shell material in polychaete worm
tubes (Bell 1985). These measurements may be quite useful within their specific habitat
t>pes. but they make the comparison of results between studies difficult (Beck 1998, Attrill et
al. 2000). Researchers have also used more universally applicable complexity indices,
including biomass, surface area (Heck and Crowder 1991), and surface area to volume ratios
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(Coull and Wells 1983). Prey survivorship tends to increase as these habitat parameters
increase, but not always (Heck and Crowder 1991). Furthermore, studies using these
complexity indices do not always explain why the habitat parameter measured as
''complexity’' should directly affect prey survivorship.
These complexity indices also do not address the measurement scale involved. Beck
(1998) and Atrill et al. (2000) stress the importance of measuring habitat parameters at a
scale that is relevant to the organisms o f interest. McCoy and Bell (1991) state that the
measurement scale is an important component of habitat complexity. Complex habitats
(unction as predation refuges across a variety of faunal scales, from macrofauna (Heck and
Wetstone 1977) to meiofauna (Coull and Wells 1983), and complexity indices should allow
comparison of results between scales.
McCoy and Bell (1991) state that “habitat structure” encompasses the absolute
abundance of habitat structural components (complexity), the relative abundances of
different habitat structural components (heterogeneity), and the scale used to measure these.
M v research goals are to determine how habitat structure interferes with a predator’s ability
to catch prey, to determine what habitat parameters best measure these interference
mechanisms, to predict from first principles the shapes of prey survivorship curves with these
habitat parameters, and to test my predictions experimentally. I devised four new indices of
habitat complexity, as defined by McCoy and Bell (1991), that address the effect o f structure
on predator foraging success and prey survival. These indices are dimensionless, they can
potentially be applied to any habitat scale and type, and they measure habitat parameters that
directly affect the predator’s foraging ability.

3
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Complex habitats provide refuges for prey by limiting a predator’s ability to move
throughout a habitat in search of prey, by interfering with a predator’s ability to detect prey
within the habitat, and by interfering with a predator’s ability to catch prey, once detected
(Rver 1988. James and Heck 1994). I propose four new indices of structural habitat
complexity that account for these interference mechanisms: (1) Sp/Pr, which is the average
inter-structural space size within the habitat of interest (Sp) divided by the linear body
dimension of the predator that would potentially lim it that predator’s ability to move through
the spaces (Pr). (2) Sp/Py, which is the average inter-structural space size within the habitat
of interest (Sp) divided by the linear body dimension of the prey that would potentially limit
the prey's ability to move through the spaces (Py). Sp/Py is similar to Sp/Pr, but is useful
u hen the size of the prey is known, and the size of the predator is either not known, or there
are multiple predators of different sizes. (3) Ct/At, which is the average structural cover area
within a habitat (Ct). divided by the area of the habitat itself (At). (4) Cw/Pw, which is the
average width of the individual structures within the habitat (Cw), divided by the width of the
prey organism (Pw). Since these ratios are dimensionless, they can be applied across all
habitat scales, and they can be used to compare the results of studies conducted at different
faunal scales. These indices are also potentially (although not necessarily easily) applicable
to all habitat types. In addition, Sp/Pr, Sp/Py and Cw /P w incorporate the predator or prey
sizes into the indices, thus scaling them to the organism of interest. A single habitat can have
different refuge values for different organisms, depending upon how large the organisms are,
and these indices account for this phenomenon.
To account for predators’ reduced maneuverability in complex habitats I propose
measuring the average inter-structural space size within the habitat of interest (Sp). One can

4
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then divide Sp by the predator’s size (Pr), to scale it to the predator o f interest. Pr is the
largest linear distance perpendicular to the predator’s normal direction o f motion, and
perpendicular to the dominant orientation, if any, of the structure within the habitat. Sp/Pr
measures the extent to which the spaces within the habitat restrict a given sized predator’s
movement.
I propose that at Sp/Pr values below 1, the predator cannot move through the habitat,
on average, and prey survivorship should be uniformly high. As Sp/Pr increases beyond 1,
the number of spaces that the predator can fit through accumulates, the predator’s
maneuverability within these spaces also increases, and prey survivorship should decrease
rapidly. Finally, Sp/Pr should reach a point where the predator’s maneuverability is no longer
hindered, and prey survivorship should be uniformly low past this point. Overall, this forms a
decreasing sigmoid, or “threshold”, relationship between prey survivorship and increasing
Sp/Pr (fig 1).
Complexity indices should also account for a predator’s reduced ability to see, or
otherwise sense, prey in complex habitats. Stoner (1980) found that total surface area
predicted selection of seagrass habitat by amphipod prey better than biomass (volume) of
substrate as proposed by Heck and Wetstone (1977). However, given equal biomasses of
three seagrass species. Stoner (1982) later found that the species with the highest surface area
provided the worst refuge for an amphipod prey, as predators could easily detect the prey
through gaps in the small branches. I propose that total structural cross sectional area, or total
"cov er", may better measure how structure interferes with a predator’s ability to detect prey.

5
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Fig. 1. Proposed theoretical relationship between the average inter-structural space
divided by the width of the predator (Sp/Pr), and prey survivorship.

6
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The cover provided by an individual structure is the largest cross sectional area of that
structure, similar to viewing the structure as a shadow, and it measures the amount o f area
within the habitat that the structure obstructs from view. One can then divide the total cover
(Ct) by the total area o f the habitat of interest (A t) to create a measure o f the amount of cover
within a given area.
I propose that increasing C t/A t will result in hyperbolically increasing prey
survivorship (fig. 2). I propose a hyperbolic curve because as the amount of structure within
a habitat increases, the functional redundancy of each new structure, in terms of sensory
obstruction, also increases. For example, imagine a habitat containing a single structure.
Adding another structure obstructs more of the habitat from sensory detection. However, the
new structure also obstructs part of the habitat already blocked o ff by the original structure,
and vice versa, making the two structures functionally redundant for some parts of the
habitat. As more structures are added (increasing C t/A t), one gets continually diminished
returns in the amount of additional habitat that is obstructed from sensory detection, and thus
continually diminished returns in prey survivorship. Overall, this implies a hyperbolic
relationship of C t/A t and prey survivorship.
Alternatively, in situations where prey are as fast or faster than a given predator, and
the prev can easily detect that predator, the predator may benefit from increased cover more
than the prey. James and Heck (1994) suggest that ambush predators in particular may
benefit from increased cover, although they found no effect o f increased complexity on the
foraging success of the seahorse Hippocampus erectus, which they considered to be an
ambush predator. Similarly, Savino and Stein (1989) found no effect o f increased vegetation

7
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Fig. 2. Proposed theoretical relationship between the structural cover area within a habitat
divided by the area of the habitat (C t/A t), and prey survivorship

8
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density on the capture success of pike Esox luciiis (an ambush predator) feeding on bluegills
Lepomis macrochims and minnows Pimephales promelas. They did find that largemouth
bass Micropterus salmoides altered their foraging strategy from active searching to
ambushing as vegetation density increased (Savino and Stein 1989).
In situations where the size o f the prey is known and the size of the predator is not
known, or there are multiple predators of various sizes, I propose measuring Sp/Py which is
similar to Sp/Pr. Sp is again the average size of the inter-structural spaces in the habitat, and
Py is the largest linear dimension of the prey, perpendicular to its normal direction of motion,
that w ould potentially limit its ability to fit through the spaces. This index may also be
preferable to Sp/Pr when determining habitat refuge values from the prey's perspective.
Assuming that the predators are larger than the prey organism of interest, I propose
the following relationship between prey survivorship and Sp/Py (fig. 3): At Sp/Py values less
than 1 (part a) the spaces within the habitat are too small for the prey to fit through, so the
prey cannot use the habitat as a refuge, and prey survivorship should be low. At Sp/Py values
slightly above I (part b) the spaces within the habitat are ideal for the prey because it can fit
through the inter-structural spaces, but its predators cannot (again assuming the predators are
larger than the prey). As Sp/Py increases (part c) the number of predators able to fit through
the spaces accumulates, the maneuverability of the individual predators increases, and prey
survivorship decreases rapidly. A t very large Sp/Py values (part d) all potential predators can
fit through the inter-structural spaces easily, and prey survivorship is low. This model
predicts that inter-structural space size, relative to prey body size, may be important in
determining the refuge value of a habitat, and that one habitat may have different refuge
values to different prey individuals, depending upon their sizes (Py). Note that the abruptness

9
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Fig. 3. Proposed theoretical relationship between inter-structural space size / prey body width
(Sp/Py) and prey survivorship, assuming that the predators are larger than the prey. At point
"a" on this graph the spaces, on average, are too small to be used as refuges, and prey
survivorship is low. At point "b” the prey can move through the spaces in the habitat, but all
of its potential predators cannot and prey survivorship is high. As the spaces get larger (point
"c") the number o f predators that can fit through the spaces accumulates, and their
maneuverability increases, and prey survivorship drops rapidly. When spaces are very wide
relative to prey body size (point “d” ) none of the potential predators are impeded by the
structures and prey survivorship is uniformly low.

10
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of the survivorship transition from Sp/Py values less than one to those greater than one will
probably decrease as heterogeneity in Sp/Py values increases within the habitat.
Another factor that may be important to prey survivorship is the cover quality of each
individual structure, i.e. how large the structure is relative to the prey organism. For example,
imagine a habitat with 5 structures that are 1 unit wide, and another habitat that has I
structure that is 5 units wide. A prey organism that is 1 unit wide can, perhaps, effectively
hide in both habitats, and its survivorship may be nearly equal in both habitats. A prey
organism that is 5 units wide, however, would always be at least partially visible in the
habitat with narrow structures, but it could, perhaps, effectively hide behind the single, wider
structure. Thus, prey survivorship may differ between the habitats for the larger prey, but not
the smaller.
To address the issue of cover quality I devised the dimensionless index: cover width /
prey w idth (Cw/Pw). The cover width is the average projected width of the individual
structures within a habitat, again viewing the structures as shadows, and the prey width is the
appropriate linear dimension of the organism, depending upon how it hides behind structure.
For example, grass shrimp Paleomonetes spp. grip vertically-oriented, thin structures with
their heads up or down (pers. obs.). Thus, the appropriate Pw to measure would be their
carapace width (not their length from head to telson) as this is the dimension that would be
potentially revealed behind the structure. Some amphipods, like Gammarus mucronatus, tend
to grip long, thin structures from the side, with their pereopods downward (pers. obs.), so the
appropriate Pw' to measure in this case would be the head to telson length.
I performed a simple two-dimensional simulation to determine how the “average
amount of the prey hidden” varied with increasing Cw/Pw. I simulated an individual

11
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structure providing cover as a line, and a prey organism hiding behind the structure as a
circle tangent to the line at its mid point (fig. 4). The length of the line would be Cw, and the
diameter of the circle would be Pw. The predator “seeing” the prey was simulated as parallel
light rays striking the prey and cover. I rotated the predator 360 degrees around the prey and
cover, and measured the “amount hidden” as the fraction o f the prey’ s total diameter that
would be in the shadow of the structure, i.e. the fraction hidden from view. The “average
amount hidden" for a given Cw/Pw is the average fraction of the prey hidden from view as
the predator is rotated 360 degrees around the prey (viewing the prey from all potential
angles). I performed this simulation for a variety of Cw/Pw ratios, and I found that:

average amount of the prey hidden = [(Cw /Pw ) / (1 + Cw /Pw)] x 0.5

(equation 1)

This is a hyperbolic relationship that has its asymptote at 0.5, i.e. at very large Cw/Pw values
the predator is either on one side of the structure or the other, and has a 50 percent chance of
seeing either the entire prey or none of the prey. I f the total amount of the prey hidden is
proportional to prey survivorship, then prey survivorship should increase hyperbolically with
increasing Cw/Pw. This simplistic simulation could be complicated by prey behavior of
course. If prey do not hide directly behind individual structures, prey survivorship would be
less dependent upon Cw/Pw. Conversely, prey may maximize the utility of the available
cover by actively tracking the position of predators and changing their position accordingly,
thus maximizing the amount o f their body that is hidden (M ain, 1987).
It is also possible that prey may be more vulnerable behind wide structures compared
with narrow structures, if prey vigilance and subsequent escape is more important to prey

12
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Fig. 4. Example of the two-dimensional simulation used to determine the relationship
between Cover width / Prey width (Cw/Pw ) and the “average amount o f the prey hidden".
The cover is a simple line, and the prey is a circle tangent to the line at its midpoint. The
predator's vision is simulated as parallel light rays striking the cover / prey complex. In this
example Cw/Pw = 1. the predator is viewing the prey from a 45 degree angle, and the prey is
50% hidden. If the predator were viewing the prey from all angles simultaneously in this
example, the prey would, on average, be 25% hidden.

13
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survivorship than hiding. For example, Lima (1992) found that Downy Woodpeckers
Picoides pubescens exhibited increasing vigilance behavior as the width of the tree trunks
that they foraged on increased. He also found that the woodpeckers preferred thin or medium
width trunks over wide trunks, presumably because the wider trees interfered more with their
ability to detect potential predators (Lima, 1992).
Table I summarizes the four dimensionless indices, what they measure, and the
proposed shapes of the relationships between prey survivorship and these indices. I tested
\anous hypotheses arising from these proposed new indices o f structural habitat complexity
in a series of laboratory and field studies, and I present the results o f these experiments in the
following chapters. M y first experiments tested whether Sp/Pr and C t/A t influence prey
survivorship and the shapes o f the relationships. I conducted these experiments in tanks with
I'ltiululiis heterocliius as predators and mobile amphipods as prey. M y next experiment tested
whether Cw /Pw influences prey survivorship. I conducted this experiment in tanks with F.
heteroditus as predators and Paleomonetes spp. as prey. For my final experiment I deployed
artificial seagrass plots in a Zostera marina bed, to determine if fauna o f different sizes
responded to the plots differently, based upon the size o f the spaces within the plots relative
to the faunal body sizes (Sp/Py).
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Table 1. A list o f th? new dimensionless indices o f structural habitat complexity, including what they measure
and the proposed shapes o f the relationships between the indices and prey survivorship.

D im ensionless

W h at the index measures

Proposed shape o f the relationship between

index
Sp/Pr

the index and prev survivorship
The average inter-structural space size / The

S urvivorship decreases sig m o idally w ith

largest linear dim ension o f the predator,

increasing S p/P r

perpendicular to its norm al direction o f m otion,
that w ould potentially lim it its ab ility to move
through the spaces.
Sp/Py

Th e average inter-structural space size / The

Assum ing the predator is w id e r than the prey,

largest linear dim ension o f the prey,

survivorship should be low at S p/P y < 1 as

perpendicular to its norm al direction o f m otion,

prey cannot fit through the spaces on

that would potentially lim it its ab ility to move

average, should be m axim ized at S p/Py

through spaces.

slightly greater than 1. and should then
decline sigm oidally w ith increasing Sp/Pv

Ct/.-M

Th e total area o f the "cover'’ w ith in a habitat

Prey survivorship should increase

(w hen view ing the structure as a shadow) / The

hyperbolieallv w ith increasing C t/A t

total area o f the habitat its elf
C w /P w

Th e average w id th o f the in divid ual structures /

Prey survivorship should increase

The w idth o f the prey

h yperbolieallv w ith increasing C w /P w
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C H A P TE R 2: N E W D IM E N S IO N L E S S IN D IC E S O F S T R U C T U R A L
H A B IT A T C O M P L E X IT Y : P R E D IC TE D A N D A C T U A L EFFECTS O N A
P R E D A T O R ’S FO R A G IN G SUCCESS
(Portions o f this chapter published in Mar. Ecol. Prog. Ser. 206: 45-58.
other portions submitted to Mar. Ecol. Prog. Ser.)

Abstract

Ecologists have long known that complex habitats often provide prey with refuges
from predation. This is true for a wide variety of habitat types, in terrestrial, freshwater and
marine systems. Despite the recognized importance of structural habitat complexity,
ecologists have defined and measured complexity in many different ways. I propose two new
indices o f structural habitat complexity that are dimensionless, that can be applied across
various habitat types and scales, and that directly measure how structural complexity
interferes with a predator's foraging ability. These indices are: the total area of cover within a
habitat divided by the area of the habitat (Ct/At) and the average inter-structural space size
divided by the size of the predator (Sp/Pr). Ct/At measures the amount of cover available
w ithin a habitat that interferes with a predator’s ability to see, or otherwise sense, prey within
the habitat. Sp/Pr measures the extent to which the structure interferes with a predator’s
ability to move through the habitat in search of, or while pursuing, prey. I predicted that prey
survivorship should increase hyperbolically with increasing Ct/At, and that survivorship
should decrease sigmoidally with increasing Sp/Pr. I also predicted that both C t/A t and Sp/Pr
can influence survivorship independently, and that together they form a survivorship surface.
I tested my model in four laboratory experiments with the fish Fundiilus heteroclitus as
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predators and amphipods as prey, and in one field experiment. The results of the laboratory
experiments support my model for Sp/Pr and Ct/At. The results o f the field experiment are
consistent with my laboratory results, and my model. I also combined the results of all the
laboratory experiments to form a modeled regression equation of the survivorship surface for
large F. heieruditus feeding on amphipods for various levels of C t/A t and Sp/Pr. The
regression equation was highly significant, and fit the data quite well. In this modeled
regression, amphipod survivorship increased hyperbolically with increasing Ct/At. and
decreased sigmoidally with increasing Sp/Pr.
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Introduction

Complex habitats often have both greater faunal abundances and diversities than
nearby, simpler habitats. Mechanisms that cause these patterns include, but are not limited to
decreased physical stress (Dean and Connell 1987), increased food availability (Hicks 1985.
Gorham and Alevizon 1989), increased resource or niche availability (O ’Connor 1991),
increased amounts of surface area for living (Heck and Wetstone 1977), decreased
competition (Diehl 1988) and increased refuges from predation (Orth et al. 1984). In the
literature, ecologists have focused the most attention on the effect that complex habitats have
on predator - prey relationships. Ecologists have demonstrated that complex habitats provide
refuges from predation in a wide variety of terrestrial, freshwater and marine habitat types,
and for various taxa, including: mammals (Dickman 1992), insects (Pierce 1988), birds
(Schneider 1984), fish (Werner and Hall 1988), crustaceans (Jordan et al. 1996), and
mollusks (Aronson 1986).
Despite the recognized importance of habitat complexity, ecologists remain
somewhat confused about how to best define and measure structural complexity (Lipcius et
al.. 1998). For example, marine ecologists have often measured specific aspects of a
particular habitat type as complexity: Spartina altem iflora culm density (Van Dolah 1978),
number of seagrass blades / square meter (James and Heck 1994) and amount of shell
material in polychaete worm tubes (Bell 1985). These measurements may be quite useful
within their specific habitat types, but they make comparison of results between studies
difficult. Researchers have also used more universally applicable complexity indices,
including biomass, surface area (Heck and Crowder 1991), and surface area to volume ratios
(Coull and Wells 1983). Prey survivorship tends to increase as these habitat parameters
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increase, but not always (Heck and Crowder 1991). Furthermore, studies using these
complexity indices do not always explain why the habitat parameter employed should
directly affect prey survivorship.
These complexity indices also fail to address the measurement scale involved, which
McCoy and Bell (1991) state is an important component of habitat structure. Complex
habitats function as predation refuges across a variety of faunal scales, from macrofauna
(Heck and Wetstone 1977) to meiofauna (Coull and Wells 1983), and complexity indices
should allow comparisons o f results between scales.
McCoy and Bell (1991) state that "habitat structure” encompasses the absolute
abundance of habitat structural components (complexity), the relative abundances of
different habitat structural components (heterogeneity), and the scale used to measure these.
In this paper I devise two new indices of habitat complexity, as defined by McCoy and Bell
(1991), that address the effect of complexity on predator foraging success and prey survival.
These indices incorporate the measurement scale in a way that makes them dimensionless,
and they can be applied to any habitat scale and type.
Complex habitats provide refuges for prey by limiting a predator’s ability to move
throughout a habitat in search of prey, by interfering with a predator’s ability to detect prey
within the habitat, and by interfering with a predator’s ability to catch prey, once detected
( Ryer 19SS. James and Heck 1994). I propose two new structural habitat indices that directly
measure these interference mechanisms: ( I ) the total amount o f cross sectional area (total
cover) within a given habitat area for prey to hide behind (2) the sizes of the inter-structural
spaces, or gaps, that the predator must maneuver through, relative to the size of the predator
itself.
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To account for predators’ reduced maneuverability in complex habitats I propose
measuring the average inter-structural space size within the habitat of interest (Sp). One can
then divide Sp by the predator’ s size (Pr), to scale it to the predator of interest. Pr is the
largest linear distance perpendicular to the predator’s normal direction of motion, and
perpendicular to the dominant orientation, if any, of the structure within the habitat. Sp/Pr is
dimensionless, and it measures the extent to which the spaces within the habitat restrict a
given sized predator’s movement.
I propose that at Sp/Pr values below I, the predator cannot move through the habitat,
on average, and prey survivorship should be uniformly high. As the average Sp/Pr increases
beyond 1. the number of spaces that the predator can fit through accumulates, the predator’s
maneuverability within these spaces also increases, and prey survivorship should decrease
rapidly. Finally. Sp/Pr should reach a point where the predator’s maneuverability is no longer
hindered, and prey survivorship should be uniformly low. Overall, this forms a decreasing
sigmoid, or "threshold” , curve with increasing Sp/Pr.
Complexity indices should also account for the predator’ s reduced ability to see. or
otherwise sense, prey in complex habitats. Stoner (1980) found that surface area predicted
selection of seagrass habitat by amphipod prey better than biomass (volume) o f substrate as
proposed by Heck and Wetstone (1977). However, given equal biomasses o f three seagrass
species. Stoner (1982) later found that the species with the highest surface area provided the
worst refuge for an amphipod prey, as predators could easily detect the prey through gaps in
the small branches. I propose that total structural cross sectional area, or total "cover”, may
better measure how' structure interferes with a predator’s ability to detect prey.
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The cover provided by an individual structure is the largest cross sectional area o f that
structure, similar to viewing the structure as a shadow, and it measures the amount of area
within the habitat that the structure obstructs from view. One can then divide the total cover
(Ct) by the total area of the habitat of interest (At) to create a dimensionless measure of the
amount of cover within a given area.
I propose that increasing C t/At w ill result in hyperbolically increasing prey
survivorship. I propose a hyperbolic curve because as the amount of structure within a habitat
increases, the functional redundancy of each new structure, in terms of sensory obstruction,
also increases. For example, imagine a habitat containing a single structure. Adding another
structure obstructs more of the habitat from sensory detection. However, the new structure
also obstructs part of the habitat already blocked o ff by the original structure, and vice versa,
making the two structures functionally redundant for some parts of the habitat. As more
structures are added (increasing C t/At), one gets continually diminished returns in the
amount of additional habitat that is obstructed from sensory detection, and thus continually
diminished returns in prey survivorship. Overall, this implies a hyperbolic relationship of
Ct/At and prey survivorship.
Total cover and average space size can vary independently of each other, and each
can contribute to increased prey survivorship. I propose that prey survivorship varies as a
function of both Ct/At and Sp/Pr, forming a survivorship surface similar to figure 5. In this
conceptual model, adding cover to a habitat with a large Sp/Pr value increases prey
survivorship hyperbolically, but adding cover to a habitat with small Sp/Pr values has little
impact, as prey survivorship is already high. Similarly, decreasing Sp/Pr values in a habitat
with little cover increases prey survivorship in a sigmoid, or threshold, manner, whereas
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Fig. 5. Proposed theoretical relationship of total prey survivorship to total cover area / total
habitat area (C t/A t) and average space size / prey size (Sp/Pr). Total prey survivorship
increases hyperbolically with increasing Ct/At. and increases sigmoidally with decreasing
Sp/Pr.
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Prey Survivorship
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decreasing Sp/Pr values in a habitat with adequate cover would have less impact. To test this
model I performed four laboratory experiments, and one field experiment.
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Materials and methods

General experimental procedures
I used large individuals (> 8 cm length) of the fish Fundulus heteroclitus as the
predators for the first 3 laboratory experiments, and I used fish > 7.5 cm length for the fourth
experiment. I used large F. heteroclitus to ensure that they were not gape limited for the
amphipods I used as prey (pers. obs.). F. heteroclitus are ubiquitous inhabitants of Spartina
altem iflora salt marshes along the east coast o f the United States. They are omnivorous, and
have been previously used in predation experiments with amphipods (Vince et al. 1976, Van
Dolah 1978). I collected fish for all four laboratory experiments with minnow traps from salt
marshes adjacent to the York River, Virginia. In the first three laboratory experiments the
fish were fed commercial flake food supplemented with some live natural prey items while in
captivity, in the fourth experiment they were fed live shrimp and live polychaetes.
I conducted all four laboratory experiments in the Glucksman Experimental
Mesocosm Laboratory at the Virginia Institute of Marine Science. This lab has flow-through
estuarine water from the York River, and climate control. The tanks for all the laboratory
experiments were 36 x 94 x 22 cm and plastic, and were filled to a depth of 15 cm for the
experiments. The tanks had rounded edges, to minimize potential comer effects, and I
covered the exterior sides and bottoms with white paper, which allowed light in, and
prevented outside motion from disturbing the fish. The wooden dowels creating the structure
in the first 3 experiments protruded downward, almost perpendicularly, through the tank tops
until they touched the bottoms. In the middle of each tank top was an 8 x 8 cm square
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opening, which allowed me to place amphipods and fish into the tanks, and allowed light in.
During the first 3 experiments these “opening” portions of the tanks remained without
dowels, but they represented only 2% of the total water volume.
I placed the experimental tanks in a row, and filled each with York River water
approximately twenty hours before experimentation. During the first 3 experiments I
randomly assigned each complexity treatment to a container for each run. Twenty-four hours
before experimentation, fish were placed in a separate, empty container for starvation. Two
hours before experimentation I placed 16 amphipods randomly into each container; I also
placed two randomly selected fish into the water suspended by mesh bags from openings in
the tops. This allowed both the fish and the amphipods to acclimate, without the fish eating
the amphipods. I placed two fish in each tank because single fish did not consistently feed in
pilot studies.
The experiments began when the fish were released to feed on the amphipods. I
released fish in a random order, and recaptured them in the same order. The elapsed time to
release the fish was about 2 minutes, and to recapture about 5 minutes. I was careful to
minimize disturbance to the fish throughout the experiment, as disturbed fish did not feed for
10 to 15 minutes after disturbance (pers. obs.). I stopped the experiment 75 minutes after
release by quickly disturbing each tank. I then captured the fish with a dip net, placed them in
bags for later measurement, and counted surviving amphipods. I measured the operculum to
operculum width of the fish, as this dimension would affect the fish's maneuverability within
the tanks. The average linear space between the vertically oriented structures was limiting, so
1 measured the fish’s largest horizontal linear distance perpendicular to the structures, and to
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the fish’s normal direction of motion (which was the operculum to operculum width for F.
heteroclitus).
The choices of 16 amphipods and 75 minute exposure times were not arbitrary in
these experiments. I chose to use 16 amphipods because the fish could eat this amount
without apparent satiation. I chose 75 minute exposure times because in preliminary tests it
took about this long for two starved F. heteroclitus to eat 16 amphipods in my control
treatment (with no structure). By using 16 amphipods exposed for 75 minutes, I am fairly
certain that any prey survivorship I observed was due to the structural complexity alone. I
also did not want to expose the amphipods to the predators for too long a period o f time. For
example, if I had allowed the fish to fed on the amphipods for 24 hours I probably would
have observed nearly zero prey survivorship in all of the treatments, and thus no difference
between the treatments. In this example, the amount of structure in a treatment may have had
a dramatic effect on the amount of time it took the fish to eat all the amphipods. but I would
not have been able to detect this effect.
I chose to analyze the results o f all four experiments with categorical data analyses
because 1 (correctly) anticipated that I would not be able to use standard A N O V A analyses,
due to problems with highly unequal variances between treatments. The categorical
statistical procedures that I used treat each amphipod as an independent, replicate, bemoulli
trial with two possible categorical outcomes: “survived” or “eaten” (Agresti, 1990). The
survivorship results from all experimental runs were pooled within a given complexity
treatment for these analyses. For the first experiment I performed six runs over the span of
nine days, for the second experiment I performed nine runs over fourteen days, for the third
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experiment I performed six runs over eleven days and for the fourth experiment I performed
nine runs over eighteen days.
I analyzed the curve shapes o f C t/A t and Sp/Pr versus prey survivorship in all of the
experiments by estimating the first derivatives of the curves, an approach suggested by
Lipcius et al. (1998). I calculated the first derivatives for all the data points as: A survivorship
divided by A Sp/Pr or A Ct/At, and then plotted these values versus Sp/Pr or Ct/At,
respectively. The midpoints o f each o f the two Sp/Pr or C t/A t points used were the x
coordinates for the first derivative plot. I proposed a negatively sloped sigmoid relationship
between Sp/Pr and survivorship, and the first derivative shape for this relationship would
resemble a " V ” or “U ” with all values being negative (Lipcius et al., 1998). I proposed a
positive hyperbolic relationship between C t/At and survivorship, and the first derivative
shape tor this relationship would be higher, positive values at low C t/A t values, with values
dropping rapidly before leveling o ff at lower, positive values at high Ct/At (Lipcius et al.,
199S). The first derivative of a simple, linear relationship of survivorship versus Sp/Pr or
Ct/At would be a flat line (Lipcius et al., 1998).

First laboratory experiment
I used large sized individuals of the amphipod Leptocheims pliimulosus as my prey in
the first laboratory experiment. L. plumulosus is normally a tube dweller on muddy bottoms
(Bousfield 1973). When it does not have mud to burrow in (as in these experiments) it moves
about, mostly crawling on the bottom. When disturbed it exhibits a quick, swimming escape
response (pers. obs.). and for the purposes of these experiments it is considered a mobile prey
item. Dauer et al. (1982) found that L. plumulosus was the second most abundant species
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caught in nocturnal plankton tows conducted in the LaFayette River, Virginia. They classify
this species as a "good swimmer'’, and their results demonstrate that L. plumulosus may be
accustomed to, and is certainly capable of, active swimming under natural conditions. I
obtained L plumulosus from cultures maintained at the Virginia Institute of Marine Science.
The fish were collected in late October 1997, and kept for three weeks prior to
experimentation in a large, outdoor, flow-through tank with water from the York River.
In this laboratory experiment I had tanks with six different complexity levels formed
by evenly spaced. 0.30 cm diameter wooden dowels, and one tank with no dowels. The
habitat structural parameters for this experiment are shown in table 2.
1 performed this experiment to determine the general relationship between prey
survivorship and increasing Sp/Pr and Ct/At, and to test the results against my model. The
null hypothesis for the first laboratory experiment was: there is no relationship between
either Ct/At or Sp/Pr and prey survivorship. In this first experiment biomass (volume),
number (density) and surface area o f dowels all covaried exactly with the total cover of the
dow els, so I could not determine which of these habitat parameters best predicted prey
survivorship. I tested the first null hypothesis using logistic regression with SAS, similar to
Gotceitas and Colgan (1989).

Second laboratory experiment
For this experiment the prey were again L. plumulosus from cultures. I collected fish
in early January, 1998, and kept the fish for between one and nine days prior to
experimentation in a large, indoor, tank with flow-through water from the Y ork River.
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I created four different complexity treatments, formed by evenly spaced 0.30 cm or
0.95 cm diameter wooden dowels. Tw o tanks had almost equal, wide, average space sizes. I

Table 2 T ank structural parameters tor the first experim ent.

C o m p le x ity treatm ent

Inter-structural space size: Sp
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4.3 0
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A vg fish op ercular width: Pr
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constructed one of these with small dowels, and the other with large dowels, so they each
contained different amounts of total cover. The other two tanks had almost equal, narrow,
average space sizes, again constructed with different sized dowels, producing different
amounts of cover. The habitat structural parameters for this experiment are shown in table 3.
1 performed this experiment to determine whether Ct/At and Sp/Pr influence prey
survivorship independently, and in particular whether increased Ct/At, within equal Sp/Pr
levels, leads to increased prey survivorship. This experiment also allowed me to determine
whether Ct/At. biomass (volume) of dowels or number (density) of dowels best predicted
prey survivorship, as these parameters did not covary exactly as in experiment 1. I could not
make this distinction for total dowel surface area, as this parameter still covaried exactly with
Ct/At. The second null hypothesis was: survivorship is independent of both space size and
dowel size. I tested this null hypotheses using log-linear modeling with SAS. If survivorship
was independent of dowel size, but not of space size, I would conclude that differences in
C t/At between the treatments were not important to survivorship, but that differences in
Sp/Pr were important.

Third laboratory experiment
For the third experiment I collected fish in early June 1998, and kept them between
one and eleven days before experimentation in a large, indoor, flow-through tank. The prey
for this experiment were large individuals of the amphipod Gammams mucronatus. G.
mucronatus are common epifaunal amphipods which I collected from the York River,
V irginia. I used different amphipod species in the four experiments because of differences in
species availability at the time the experiments were conducted.
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Table 3. Tank structural parameters for the second experiment.

C o m p le xity treatm ent

Inter-structural space size: Sp (cm )
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I constructed pairs of low, medium, and high cover treatments, such that each
member of a pair had the same total cover and average inter-structural space size. The
structure was formed by evenly spaced 0.30 cm diameter dowels. The habitat structural
parameters for this experiment are shown in table 4. Each member of a pair received a
different sized fish, either less than or equal to 1.3 cm operculum to operculum width or
greater than or equal to 1.5 cm operculum to operculum width, so that each container had
different Sp/Pr values. Overall, 1 had six treatment combinations with three cover levels (low.
medium and high) and two sizes of predators (larger and smaller). In this way there were
different Sp/Pr values within a single cover level, due to the operculum to operculum width
differences of the fish.
1 performed this experiment to again determine whether Ct/A t and Sp/Pr influence
prey survivorship independently, and in particular whether decreased Sp/Pr, within equal
C t/At treatments, leads to increased prey survivorship. The third null hypothesis was:
survivorship is independent of both fish size and cover level. I tested this hypothesis using
log-linear modeling in SAS. If survivorship was not independent of cover level, but was
independent of fish size, then I would conclude that Sp/Pr was not important to survivorship,
but that Ct/A t was important.

Fourth laboratory experiment
I collected amphipods from artificial seagrass plots deployed in a seagrass bed in the
York River. Virginia for use as the prey in this experiment. A ll the amphipods that I used
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Table 4 Tank structural parameters for the third experiment.
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were active, epifaunal species collected in August and September of 2 0 0 0 .1 did not identify
each individual amphipod used in this experiment, but most o f them were either Gammams
mucronaius. Ampithoe spp. or Cymadusa compta. Amphipods were kept 1-24 hours prior to
experimentation in buckets placed in a flow-through tank that received water from the York
River. Each bucket had holes with mesh over them that allowed some water exchange.
Amphipods were randomly added to the tanks immediately before the fish, and each
amphipod was observed to determine whether they were appropriately “active” or not.
Amphipods that did not immediately swim when put in the tanks or exhibit an escape
response w hen gently nudged were replaced. F. heteroclitus were kept in a tank with flow
through water for approximately 0 to 7 days before experimentation.
Unlike the first three experiments, the structural cover for this experiment was
provided by 14 cm long, smooth, dark green ribbon, which were secured to the bottom of the
tanks w ith silicon aquarium adhesive. The widths of the structures used in the six different
treatments were: 0.1, 0.2, 0.3, 0.5, 1.0 and 2.4 cm. Each treatment had different amounts of
total cover (Ct). but all had nearly equivalent inter-structural space sizes. Note that in all of
these treatments Sp/Pr is greater than 2.2, which is the beginning of the “threshold” where
narrow spaces begin to affect F. heteroclitus maneuverability (as determined previously by
experiments 1 and 3). The habitat parameters for this experiment are shown in table 5.
I performed this experiment to further explore whether treatments with different
Ct/At had different prey survivorships when exposed to predators. I also wanted to further
explore the shape of the relationship between Ct/At and prey survivorship, which was not
resolved by the first three experiments. The fourth null hypothesis was: prey survivorship is
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Table 5. Tank structural parameters for the fourth experiment.

C o m p le xity treatment

1

2

3

4

5

6

-f.O

4.1

4.1

4 .0

4.1

4.1

1.3 (0 .0 )

1.3 (0 .0)

1.3 (0 .0 )

1.3 (0 .0 )

1.3 (0 .0 )

1.3 (0 .0 )

3.1 (0 .0 )

3 .2 (0.1)

3 .2 1 0 .0 )

3.1 (0 .1)

3 .2 (0 .0 )

3.2 (0 .0 )

To tal number o f structures

176

161

161

161

138

105

To tal o n e r area: Ct ic m ')

246

451

676

1127

1932

35 28

To tal cover area / Tank

0.0 7

0.13

0 .2 0

0.3 3

0.5 7

1.04

Asg. Inter-structural
Space si/e: Sp (cm )
Astt. fish opercular
cstilth: Pr ic o n (S E i
A sg. S p/P r (S E i

area: C t/A t
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independent of Ct/At treatment. I analyzed the results of this experiment using log-linear
modeling in SAS.

Combined results of the four laboratory experiments
I used the data from all four laboratory experiments to plot a modeled regression
survivorship surface of Sp/Pr and C t/A t versus percent prey survivorship (similar to fig. 5). I
used the data from the four experiments to form the simplest regression model that fit the
data and accounted for the shapes of the relationships between Ct/At, Sp/Pr and prey
survivorship. I performed this regression with a user-defined regression equation in Sigma
Plot 2000.

Field experimental procedure
I performed this experiment to determine if differences in space sizes observed in
nature possibly affected the size distribution of fish. If large F. heteroclitus were less
maneuverable in small spaces in my lab experiments, I might expect that larger F.
heteroclitus would be less likely to be found in areas with smaller inter-structural spaces, and
thus smaller Sp/Pr values.
The field site was part of the Goodwin Islands, located at the mouth of the York
River. 37 12’ 46” N. 76 23’ 46” W . In late July, 1998 I measured inter-structural space
distances at 70 randomly chosen points in both short (< 45 cm height), and tall (> 45 cm
height ) form 5. altemiflora. Short form S. altem iflora is generally found higher on the
marsh surface than tall form S. altem iflora, and both forms were readily distinguishable on
this marsh. The short form S. altem iflora appeared to be more closely spaced than the tall
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form S. altem iflora. At each point I haphazardly chose a single S. altem iflora plant and
measured, at 12 cm above the marsh surface, the distance from the plant to the nearest
structure within a randomly chosen 90 degree arc o f the plant. I did this to determine if there
was a significant difference in space size between short versus tall form S. altemiflora. I
tested the null hypothesis that there was no difference in inter-structural space size between
short and tall form S. altem iflora with a two tailed t-test. Space sizes were log transformed to
achieve normality.
If I found a difference in space sizes between the Spartina forms, I would test the null
hypothesis: there is no difference between fish sizes caught within these different forms of S.
altem iflora. controlling for seasonal and depth effects. Fish size data within the two S.
altem iflora forms came from daylight 1.48 m diameter drop ring samples previously
collected at this site (Cicchetti 1998). I had 29 independent samples from short form 5.
altem iflora. and 36 independent samples from tall form S. altem iflora. Sampling occurred
from June to November 1995. and M ay to September 1996. The recovery efficiency for F.
heteroclitus from 2.8 - 10.2 cm length with this gear in S. altem iflora is 84% (Cicchetti
1998).
I tested the null hypothesis of no difference in fish sizes between S. altem iflora forms
using A N C O V A . with “time of year” and water depth as covariates. For “time o f year” both
1995 and 1996 data were combined after a separate A N C O V A demonstrated no size
difference between years. ‘T im e of year” was defined as follows: the sampling date earliest
in the year (in this case M ay 6 lh, 1996) was assigned the value day 1, and subsequent dates
were numbered accordingly (day 199 was the latest day in the year, November 21st, 1995). I
used time of year as a covariate because Chesapeake Bay F. heteroclitus recruits first appear
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in the spring and grow throughout the year, so fish size would tend to be smaller earlier in the
year, just as S. altem iflora height would tend to be shorter. The water depth (cm) was
measured in the drop ring at each drop. I selected water depth as a covariate because there is
evidence that small F. heteroclitus may go into shallower water than larger F. heteroclitus
(Ruiz et al. 1993), and short form S. altem iflora tends to be higher on the marsh surface, and
thus in shallower water when the marsh is flooded.
Fish sizes were recorded as wet weights (grams) by Cicchetti (1998). I converted
grams of wet weight to operculum to operculum width (cm) using the equation:

width = (0.7397(wet weight) / (0.1903 + (wet weight))) + 0.0726(wet weight)

(adjusted R" = 0.9S. the regression is highly significant p < 0 .0 0 01 ). To obtain this equation I
measured operculum to operculum width of 80 F. heteroclitus from the York River, all
between 0.08 and 11.10 grams wet weight. The fish sizes used in the A N C O V A were
converted average F. heteroclitus operculum to operculum width within each independent
drop ring sample.
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Results

First laboratory experiment
For experiment 1 the log odds of survival = -0.4631 - 0 .5 116(Sp/Pr) + 2.4387(Ct/At).
The Chi-square value was 10.8 (p = 0.001) for the Sp/Pr coefficient, and 17.4 (p = 0.0001)
for the Ct/At coefficient. This indicated significant relationships of survivorship, the
dependent variable, with both Sp/Pr and Ct/At, the independent variables. Total surface area,
number (density) of dowels and biomass (volume) o f dowels also would have generated
significant results similar to Ct/At. since these parameters all covaried exactly (table 2). The
Pearson chi-square for this equation, a goodness-of-fit statistic, was 0.36 with 4 degrees of
freedom, indicating an adequate fit (p = 0.99) of the equation to the data (Stokes et al. 1995).
The relationship between Sp/Pr and survivorship was obviously non-linear (fig. 6 a), but did
not conform to a negative sigmoid relationship (fig. 6 c). The relationship between C t/A t and
survivorship was certainly positive (fig. 6 b). The exact shape of the curve is problematic,
however (fig. 6 d). The small peak seen in this plot indicates that the relationship may be
slightly sigmoid (Lipcius et al., 1998), however the peak’s small magnitude may indicate a
simple linear relationship. Surface area / volume remained constant throughout this
experiment and was a poor predictor of prey survivorship.

Second laboratory experiment
The most parsimonious log linear model for the second experimental results indicated
that survivorship was significantly non-independent of both space size and dowel size (table
6 ). The results indicate that survivorship in treatments with large dowels was higher than
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Fig. 6 . Results of the first experiment, (a) Total prey survivorship vs. Sp/Pr, error bars
represent 1 standard error, (b) Total prey survivorship vs. Ct/At. (c) First derivative of 6 a
Sp/Pr (d) First derivative of 6 b vs. Ct/At
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Table o M a xim u m likelihood log-ltnear model for experiment 2. Note: the interactions between dowel size and prey

survival. and space size and prey survival test the null hypotheses that these factors are independent. A significant result
indicates non-independence.

df

Chi-Square

P ro bab ility

D ow el size

Source

1

0.05

0 .8 1 8 9

Space n / e

I

1.02

0 .3 1 2 5

Sure iv al

I

6.46

D o w e l s iz e *S u rv iv u I

1

Space size ‘ S u r v iv a l

1

5.48
85.63

Likelih o o d ratio

2

2.16

0 .0 1 1 0

0.0193
< 0.00005
0 .3 4 0 2
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those with small dowels, despite nearly identical Sp/Pr values, and that decreasing space size
led to increasing survivorship (fig. 7a). The relationship between C t/A t and survivorship
appears to be simply linear (fig. 7b and fig. 7c). Neither volume (biomass) nor number
(density) of dowels (table 3) demonstrated a clear pattern with prey survivorship in the
second experiment. Total surface area had the same relationship pattern as Ct/At, as they
again covaried exactly (table 3).

Third laboratory experiment
The most parsimonious log linear model for the experiment 3 results indicated that
survivorship was significantly non-independent of both fish size and cover level (table 7).
Survivorship versus Sp/Pr followed a pattern similar to the first experiment (fig. 8 a). The
results indicated a sigmoid relationship (fig. 8 c), with the start of a high survivorship plateau
at very low levels of Sp/Pr. and with the start of a low survivorship plateau at higher Sp/Pr
levels. The pattern of survivorship with increasing C t/A t (fig. 8 b) indicates that increasing
cover led to increased survivorship, and that prey survivorship is higher for the larger fish
treatments, particularly from the medium cover treatments. This occurred because the
medium cover treatments spanned the threshold area of figure 8 a.

Fourth laboratory experiment
The log-linear model for the experiment 4 results indicated that prey survivorship was
significantly not independent o f cover treatment (table 8 ). Survivorship increased
hyperbolically with increasing Ct/At. (fig. 9a and 9b).
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Fig. 7. Results of the second experiment, (a) Total prey survivorship vs. Sp/Pr, error bars
represent 1 standard error, (b) Total prey survivorship vs. Ct/At. Triangles are narrow space
treatments, circles are wide space treatments, filled shapes are large dowel treatments, and
open shapes are small dowel treatments for both a and b. (c) First derivative of 7b vs. Ct/At

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

7a

132

t ^
a
o "

£ £

Q -C-

. . . .

-

7b

120

120
I OS

.

132

108

t

06

96

84

84

72

72

60

60

▼

V

48 ■

48

ft

36

•

36

D

24 -\

24

12

12

0

o

L.------------------------.-------------

0
1

2

3

4

3

6

7

8

9

Average space size / gill lo gill width (Sp/Pr)

120

Surviovorship / J_ (C t/A t)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

D.

. -------

144

144

. I

100

-

80

60 -

40

20 -

0 -

5

Total cover area / Tank area (C t/A t)

Tabic 7 Maximum likelihood log-linear model lo r experiment 3. Note: the interactions between fish size and prey survival,
and cover level and prey survival test the null hypotheses that these factors are independent. A significant result indicates
non-independence.

Source

df

C h i-S q u a re

Probability

0 .1 2

0.7 2 6 8

C o v er area

1
2

18.95

0.0001

Survival

I

19.55

< 0.0 000 5

Fish s iz e *S u rv iv a l
C o v e r le v e l*S u rv iv a l

1
2

5.94
140.29

< 0.00005

Likelih oo d ralio

4

6 .1 0

Fish size

0.0148
0 .1 9 2 0
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Fig. S. Results of the third experiment, (a) Total prey survivorship vs. Sp/Pr, error bars
represent 1 standard error, (b) Total prey survivorship vs. Ct/At. Squares are high cover
treatments, triangles are medium cover treatments and circles are low cover treatments, filled
shapes are large fish treatments, and open shapes are small fish treatments for both a and b.
(c ) First derivative of 8 a vs. Sp/Pr
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Table S Maximum likelihood log-linear model for experiment 4. Note: the interactions between treatment and prey survival
tests the null hypotheses that these factors are independent. A significant result indicates non-independence.

Source
Treatm ent
S urvival
T re a tm e n t'S u rv iv a l

df
5
1
5

C hi-Square

P robability

8.21

0.1 4 4 9

141.15

< 0 .0 0 0 0 5

3 7 .2 0

< 0 .0 0 0 0 5
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Fig. 9. Results of the fourth experiment, (a) Total prey survivorship vs. Ct/At. (b) First
derivative of 9a vs. Ct/At
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O

O

Combined results of the four laboratory experiments
The three dimensional graph of the combined Sp/Pr and Ct/At versus percent prey
survivorship data from the four experiments is shown in fig. 1 0 a and b, along with the
modeled regression surface. The equation for this regression surface is:

Percent prey survivorship =

e -°a7x'|- J-:9(.v /(|-,--v)|
j

x

joo

where x = Sp/Pr and y = Ct/At.

-0.57x + 3 .2 9 (y /(l+ y ))

Note that a control treatment with C t/A t = 0 (no structure) had 0 percent survivorship, but
was omitted from this analysis because it could not be assigned an Sp/Pr value. Both of the
parameters, -0 .5 7 and 3.29, are highly significant (p < 0 .0 0 0 1 for both), and the overall
regression is highly significant (table 9). The adjusted R 2 for this regression is 0.90. The
equation for this regression is the simplest, best fitting equation in which percent
survivorship increased hyperbolically with increasing C t/A t and decreased sigmoidally with
increasing Sp/Pr. More complex equations (with 3 parameters) had parameters that were not
significant. Simpler equations that did not account for the specific shapes of the relationships
between Ct/At. Sp/Pr and survivorship did not fit the results as well.

Field experiment
I found that there was a small but significant difference in space size between short
and tall form 5. altem iflora (t = 2.16, degrees of freedom = 137, p = 0.032). The average
space sizes were 4.0 and 5.0 cm for short and tall form S. altem iflora, respectively. Both
means were highly influenced by rarer, large spaces, and it might be more instructive to
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Fig. 10. (a) Three dimensional plot of percent amphipod survivorship versus C t/A t and Sp/Pr
tor the four experiments combined, with the modeled regression plane, viewed from the
Ct/At axis, (b) the same, viewed from the Sp/Pr axis.
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T jh le 0 A N O Y A results lor the m odeled planar regression o f S p/P r and C t/A t versus percent am phipod survivorship for the
«.omhmed results o f the four experim ents.

Analysis o f Variance:
d f___________ SS_______________ M S ________________F____________ Probability
Regression

I

1 3 9 3 3 .0 9 3 4

Residual

20

15 08.7703

13 933.0934
75 .438 5

Total

21

1 5 4 41.863 6

73 5.32 68

184.6947

<0.0001
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examine the median space sizes in each form, which were 3.3 and 4.2 cm for short and long
form S. aliem ijlora, respectively. The A N C O V A results on the field data from Cicchetti
(1998) indicate a significant positive relationship of fish size with the covariates date (fig
1la) and water depth (fig lib ) , but no relationship with the factor S. alteniiflora form (table
1 0 ).
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Fig. 11. (a) Data from drop ring samples, indicating a significant relationship between
average F. heteroclitus gill to gill width and date. Filled circles are from 1995, open circles
are from 1996. G ill to gill width (cm) was obtained by converting from the originally
recorded wet weights (g). (b) The same drop ring samples, indicating a significant
relationship between average F. heteroclitus gill to gill width and water depth at the time of
sampling.
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Table 10 A N 'C O V A for the field data (C icchetti 1998). S. a lte m iflo ra fo rm (short o r ta ll) is the main factor, w ater depth and
date are eovariates. and fish g ill to g ill w idth is the dependent variable.

df

SS

MS

F

Date

Source

I

0 .2 9 1 7 4

0 .2 9 1 7 4

4.5 7

0 .0 3 7

W ater depth

1

0 .8 8 9 4 4

0 .8 8 9 4 4

13.93

< 0 .0 0 0 5

1

0.1 063 5

0.1 0 6 3 5

1.67

0 .2 0 2

61

3.8 950 6

0 .0 6 3 8 5

S a lte m iflo ra form

Error

P robability
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Discussion

Based on first principles I predicted that prey survivorship would decrease
sigmoidally with increasing average space size / predator width (Sp/Pr), and increase
hyperbolicallv with increasing cover area / tank area (C t/A t). Furthermore, I predicted that
both of these parameters influence prey survivorship independently and form a survivorship
surface similar to figure 5. The results from the four laboratory experiments support this
model.
The results support the idea that Sp/Pr influenced prey survivorship independently of
Ct/At. and that the survivorship versus Sp/Pr relationship has a decreasing sigmoid shape. In
the first experiment the lowest Sp/Pr value was 1.21 (fig. 6 a), which was not narrow enough
to achieve an upper plateau of prey survivorship. It is obvious that with smaller spaces a
plateau must exist, however, and I demonstrated this plateau in the third experiment with
smaller Sp/Pr values (fig. 8 a).
The results also support the idea that C t/A t influenced prey survivorship
independently of Sp/Pr. The survivorship versus C t/A t relationship shape is not clear in
experiment I and 2. In the first experiment the shape of the survivorship curve with C t/At
(fig. 6 b) was either linear or slightly sigmoidal. The peak in the first derivative curve (fig. 6 d)
that may imply a sigmoid relationship is fairly small, so the results, as shown (fig. 6 b), are
probably simply linear. I f the relationship is sigmoid, then the inflection point occurs at very
low C t/At values (about 0.1). In the second experiment, the relationship with Ct/At, as shown
(fig. 7b). is simply linear, with about 24 out of 96 amphipods surviving at C t/A t = 0 if I
extended a linear regression line through the y-axis.
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There are two reasons that the relationship between C t/A t and survivorship may be
more hyperbolic than the results, as shown in figures 6 b and 7b, indicate. In figure 6 b, the
higher C t/At treatments have high survivorship both because o f high amounts o f cover, and
because of small space sizes, whereas in the lower C t/At treatments small space sizes
certainly do not contribute to prey survivorship. Therefore, the higher C t/A t treatments,
particularly the highest two treatments, would have had lower survivorship if C t/A t alone
was contributing to prey survivorship, and the resultant relationship of survivorship versus
Ct/At in figure 6 b would be more hyperbolic. Therefore, in experiment 1 I cannot resolve the
relationship shape between C t/At and prey survivorship because in the high cover treatments
in figure 6 b. the effect of C t/A t is confounded by low Sp/Pr values. In figure 7b, if I assume
low survivorship at low Ct/At, then the relationship between C t/A t and survivorship
conforms to the hyperbolic model. Low survivorship at low C t/A t values may or may not be
a valid assumption. The evidence supporting this assumption is that I observed no prey
survivorship in all of my pilot studies with Ct/At = 0 conducted before the first laboratory
experiment, and during the first laboratory experiment only six amphipods survived out of
2SS in the three lowest C t/A t treatments. For experiment 2 , 1 cannot resolve the shape of the
relationship between C t/A t and prey survivorship because I did not use treatments with
sufficiently low C t/At values to detect a possible steep increase in prey survivorship from the
origin, w hich would be associated with a hyperbolic relationship.
I resolved the problems o f confounding in experiment L and o f insufficiently low'
Ct/At values in experiment 2 by performing experiment 4. This experiment had nearly equal
Sp/Pr values in all treatments, and had sufficiently low C t/A t values to detect a hyperbolic
relationship between C t/A t and prey survivorship, if it existed. As predicted, the results of
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experiment 4 indicated a hyperbolic increase in prey survivorship with increasing C t/A t (fig
9a).
M y results indicate that both Sp/Pr and Ct/At may influence prey survivorship, and
that the observed patterns are not just because of a relationship between these two
parameters. Both the Sp/Pr and C t/A t terms are significant for the logistic regression, and the
fit was remarkably good. Both space size and dowel size were significant in the second
experiment log-linear model, and both fish size and cover level were significant in the third
experiment log-linear model. The survivorship results from the four experiments followed a
fairly consistent pattern, particularly with increasing Sp/Pr. Survivorship dropped rapidly
after Sp/Pr values of 1 (the predators could just barely maneuver), and reached a lower
plateau. I suspect that the survivorship observed in figures 6 a, 7a and 8 a above Sp/Pr values
of approximately 2 .2 was probably due to the cover alone, and not due to the fish’s reduced
maneuverability in smaller spaces, based on where the rapid increase, or threshold, begins in
figures 6 a and 8 a.
Modeling the results from these four studies produced a regression that fit the
survivorship results quite well, and had the appropriate shapes with increasing C t/A t and
Sp/Pr. The good fit illustrates that the survivorship results between experiments were fairly
consistent for a given Sp/Pr and C t/A t level, despite differences in amphipod prey, time of
year, structure type etc. between experiments. Note that the C t/At and Sp/Pr treatments used
to form this regression are generally high C t/A t and low Sp/Pr, low C t/A t and high Sp/Pr or
intermediate values for both (fig. 10a and b). The gaps in experimental treatment levels
where there is no actual data may adversely affect the predictions o f the regression. For
example, at very low C t/At levels and at low Sp/Pr levels near 1, where there was no
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supporting data, the regression predicts a prey survivorship of less than 40%. However, at
such low Sp/Pr levels the fish would barely be able to move through the spaces to catch prey,
and actual prey survivorship would probably be substantially higher, despite the low cover
levels.
The shapes of the relationships between Sp/Pr and C t/A t to prey survivorship lead to
some interesting and important predictions about habitat structure - predator - prey
interactions. Adding structure to a habitat with no cover w ill increase prey survivorship
rapidly, but after a certain point adding further structure will make little difference in prey
survivorship (Ct/At asymptote reached), as long as the threshold value for Sp/Pr is not
obtained. The hyperbolic C t/A t survivorship curve may reach an asymptote that is
substantially less than 1 0 0 percent survivorship, so the prey may never achieve an “absolute”
refuge from predation. For example, in experiment 4 the survivorship curve appeared to be
approaching an asymptote of approximately 50 percent survivorship (fig. 9a), and the
amphipods were only exposed for 75 minutes. Adding structure to a habitat can substantially
increase prey survivorship if the threshold value for Sp/Pr is crossed. A t Sp/Pr values that are
low enough, prey can achieve a more absolute refuge from predation, because even if the
predators can see the prey, they may not be able to fit through the habitat spaces to catch the
prey. For example, the highest percent survivorship in experiment 4 was 42% in the highest
cover treatment (Ct/At = 1.04). The highest cover treatment in experiment 1 was comparable
to this (Ct/At = 0.99), and the cover in the medium cover, large fish treatment of experiment
3 was less than this (C t/A t = 0.59) but both of these treatments had higher percent
survivorship (80% and 6 8 %, respectively). This occurred because these treatments had lower
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Sp/Pr values (1.21 and 1.50, respectively) than the highest cover treatment in experiment 4
(Sp/Pr = 3.2).
This is an interesting prediction from this model: a habitat with greater amounts of
cover may provide prey with worse refuge from predation than a habitat with less cover, if
the habitat with less cover has Sp/Pr values that are below the threshold value, and the habitat
with more cover does not. Habitats with appropriately low Sp/Pr values are more likely to
provide an absolute refuge from predation than habitats with only high C t/A t values.
M y results appear to indicate that surface to volume ratios, volume of structures,
biomass of structures, number o f individual structures and density of individual structures are
all poor predictors of prey survivorship when compared with C t/A t and Sp/Pr. I make this
conclusion because there is no clearly observable pattern between any of these other habitat
parameters (table 3) and prey survivorship in experiment 2. These habitat parameters have
been used to measure habitat complexity and refuge value in past predator - prey studies, but
I suggest that there may be no direct mechanism by which predator foraging ability should be
directly affected by these parameters. Certainly prey survivorship would tend to increase
when these habitat parameters increase, but I suggest that Ct/A t and Sp/Pr may better predict
responses in prey survivorship to structure. These other parameters may be very useful in
situations where C t/A t and Sp/Pr are difficult to measure, however.
I was not able to separate the effects o f Ct/A t and total surface area. Habitats with
high amounts of surface area would tend to have higher amounts o f cover, and would also
tend to have many small spaces that prey could hide in, and that predators could not
maneuv er through. However, structure with higher surface areas may provide worse refuge
for prey, because of numerous small gaps that may allow a predator to see through the
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structure (Stoner 1982). I feel that total surface area may be a good predictor of prey
survivorship in some cases, because higher total surface area is usually associated with
higher C t/A t values, and lower Sp/Pr values.
The results of the field experiment demonstrate that the average fish size increased
throughout the year from May to November (fig. 1 la), that fish size increased with
increasing water depth on the marsh surface (fig. 1 lb ) and that different fish sizes did not
utilize different S. altemiflora forms. The different S. altem iflora forms appeared to be
different in complexity, and I confirmed that they were slightly different in average interstructural space size. The distribution of fish sizes between the two S. altemiflora forms did
not respond to this difference in space size, however. Dividing the median inter-structural
space size of both forms by the largest width fish caught by Cicchetti (1998) gives us an
estimate of Sp/Pr for the largest fish. The Sp/Pr for the tall form S. altem iflora is 4.2/1.4 = 3.
and for the short form S. altem iflora is 3.3/1.4 = 2.4. This is not a large difference in terms of
Sp/Pr, and when compared to the results of the third experiment (fig. 8 a), these values are
both on the lower plateau of Sp/Pr. Thus, I would not have expected to see any difference in
Spartina form usage by large fish, and these field results are consistent with the lab results.
The above Sp/Pr values are for the largest fish caught, and smaller fish would be even less
affected by any difference in space size.
Vince et al. (1976) took cores of Spartina altem iflora from the low marsh (less
dense) and the high marsh (more dense) o f the Great Sippewissett marsh, Massachusetts into
the laboratory. They found that the foraging efficiency o f Fundulus heteroclitus feeding on
the amphipod Orchestia grillus increased with increasing fish size in the low marsh
treatment, but decreased slightly with increasing fish size in the high marsh treatment. It is

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

possible that, unlike this experiment, Vince et al. (1976) had a large difference in interstructural space size between the high and low marsh Spartina treatments, and as a result
observed these different trends in foraging efficiency versus fish size between the treatments.
Measuring Sp/Pr was relatively simple in this field experiment, but in other habitats
Sp/Pr and C t/At may be very difficult to measure. These indices have other possible
shortcomings as well. The effect that Sp/Pr has on prey survival may depend upon how
structures are physically arranged in space. The tank experiments used uniformly spaced
structures, for example, and my low complexity treatments provided uniformly poor refuges.
Tanks having heterogeneous structural arrangements, with similar Sp/Pr values, could have
produced better overall survival if they provided a few small areas with excellent refuge
values. Past research has shown that organisms actively choose good refuge areas within
heterogeneous habitats (Bell and Westoby 1986), and that organisms may choose to stay in
good refuge areas even when food is more abundant elsewhere (Pettersson and Bronmark
1993. Dahlgren and Eggleston 2000). Researchers have also found that organisms compete
for complex microhabitats (Coen et al. 1981, Buchheim and Hixon 1992), again
demonstrating that prey organisms recognize and prefer complex habitats.
The effect that Sp/Pr has on prey survivorship may also depend upon how rigid and
strong the structures are within the habitat. The relative flexibilities and strengths of
structures may have important consequences for the survival of prey within a habitat (Coull
and Wells 1983). Flexible or weak structures may allow predators to push aside, or break
through the structure, thus gaining access to the prey. This would probably slow the progress
of a predator, and the predator may have to expend extra energy to do this. Actively
searching predators may stop feeding effectively before their movement is physically
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absolutely restricted by the structure if their energy lost in searching and pursuit is greater
than their energy gain by prey capture (Glass 1971). Flexible or weak structures may not be
able to halt a predator altogether, however, and as a result two habitats with identical Sp/Pr
and C t/At values may produce different survivorship patterns based on the relative rigidity
and strength of their structures. This would limit a researcher’s ability to compare results
between studies using these indices if the structures involved had very different flexibilities
or strengths.
I conducted a separate experiment with these same tanks using F. heteroclitus as the
predators, shrimp Paleomonetes spp. as prey, and flexible artificial seagrass (green
polvpropolene ribbon) as the structure. Several treatments had Sp/Pr values that were below
the threshold level, as determined by experiments 1-3 using rigid dowels as structure, but I
assumed that since the ribbons were flexible the fish would be unaffected by the narrow
Sp/Pr treatments. This assumption was incorrect, however, as treatments with space sizes
below the threshold area exhibited substantially higher prey survivorship than treatments
with identical Ct/At levels, but with larger Sp/Pr values (pers. obs.). The overall shape of the
relationship between Sp/Pr and prey survivorship was a threshold, similar to fig 6 a. This
experiment illustrated that Sp/Pr had the same qualitative effect on F. heteroclitus for both
rigid and flexible habitat structures, although this was not the original purpose of the
experiment.
Another possible shortcoming of these complexity indices is that they do not account
for cryptic coloration of prey organisms, or for animals adapted to look like some aspect of
the habitat they live in. This can also increase prey survivorship dramatically, and there are
innumerable examples of the adaptive significance of being a cryptic prey. These complexity
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indices also do not account for physical or chemical defenses of the structure that may
indirectly benefit the prey organism (Duffy and Hay 1991). Past indices of structural
complexity as prey refuges have usually not accounted for the above factors either, although
they can be of the utmost importance to prey survivorship.
Despite these shortcomings, these complexity indices may be useful for future
ecological work, because they may allow quantitative comparison of results between studies.
Our results and model support the past findings of other researchers working with various
predator - prey - habitat systems, although these researchers measured “complexity” in
various different ways. Main (1987) and Savino and Stein (1982) both demonstrated the
importance of cover to prey species’ survival. They also illustrated that prey species may
have adaptive behaviors that allow them to maximize the utility o f the cover present within a
habitat. Ryer (1988) found that the attack probabilities o f large pipefish Syngnathus fitscus
were affected by increased habitat complexity, whereas the rates of small S. fuscus were not
affected. Ryer (1988) attributes this difference to the inability of large fish to fit their mouths
into the small gaps produced by the wider, more complex, artificial seagrass leaves. Stoner
(1982) observed that in very high density seagrass the pursuit and capture abilities of large,
but not small, pinfish Lagodon rhomboides was inhibited by the structure. M y research
supports the results of these studies, as I also demonstrate the importance of structural cover,
and fish size relative to inter-structural space size.
Schulman (1996), Lipcius et al. (1998) and Graham et al. (1998) have found
hyperbolic relationships of prey survivorship with increasing amounts o f cover, and my
results and model support their findings. Lipcius et al. (1998) found steeply hyperbolic
survivorship curves for small and large Carribean spiny lobsters Panulirus argus with
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increasing algal biomass / m2. Similarly, Schulman (1996) found hyperbolic survivorship
curves for large juvenile blue crabs Callinectes sapidus with increasing artificial seagrass
densities. Graham et al. (1998), in an experiment remarkably similar to this study, found that
amphipod survivorship increased in a hyperbolic manner with increasing artificial eelgrass
densities when exposed to F. heteroclitus. Isaksson et al. (1994) found that increasing
filamentous algae percent cover from 0% to 30-40% increased the survivorship o f two
decapods Crangon crangon and Carcinus maenas when exposed to cod Gadas morhua
predators, but that further increasing the percent cover to 70-80% had no significant
additional effect on survivorship. This survivorship pattern is consistent with my
hypothesized hyperbolic relationship between total cover area per habitat area (C t/A t) and
prey survivorship, as a sharp rise in survivorship occurred with the addition of cover to an
open habitat, but further additions yielded diminishing returns in survivorship.
Gotceitas and Colgan (1989) and Coull and Wells (1983, see also sources within)
found threshold relationships o f complexity with predator foraging success and prey survival,
respectively. The results of Heck and Thoman (1981) also support the threshold hypothesis.
In contrast. Nelson and Bonsdorff (1990) found a linear relationship between complexity and
number of prey eaten. The results of Nelson and Bonsdorff (1990) may be masking an actual
threshold relationship of complexity and number o f prey eaten in their experiment, however
(E. Bonsdorff pers. com.).
In Nelson and Bonsdorff (1990) fig. 3, one cannot distinguish between two different
causes of prey survivorship in the lowest and medium complexity treatments, because they
used more prey (15 fish) than the predators could eat (approximately 6.5 fish) within the
experimental time period. Prey may or may not be surviving in the lowest complexity
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treatments due to predator satiation (predators will not eat more prey), and prey may or may
not be surviving in the medium complexity treatments due to the physical structure
(predators cannot catch more prey). If the predators could have physiologically eaten all of
the prey in the lowest complexity treatments, the mean number o f prey eaten / tank for these
treatments may have been higher, relative to the medium complexity treatments, and may
have formed an upper plateau at these complexity levels. Mean number of prey eaten / tank
may then have dropped rapidly to the intermediate numbers of prey eaten / tank observed in
the medium complexity treatments, where survivorship may have been due to the structure.
Finally their results indicate a lower plateau of mean number o f prey eaten / tank with their
most complex treatments (Nelson and Bonsdorff 1990, fig. 3). Overall, these hypothetical
results would have produced a threshold relationship of complexity and mean number of prey
eaten / tank. However, they could not have achieved an upper plateau of mean number of
prey eaten / tank as they used too many prey fish, and thus could not have detected a
threshold relationship if it had existed.
M y results, and my model of survivorship versus Sp/Pr support the threshold
hypothesis, and the results of Gotceitas and Colgan (1989), Coull and Wells (1983) and other
studies referred to within Coull and Wells (1983). I feel that structural habitat complexity
thresholds should exist in nature with increasing Sp/Pr, and my laboratory results support this
idea. M y results also support the idea that adding cover to a relatively open habitat may
increase prey survivorship dramatically. Adding the same amount of cover to a habitat that
already has adequate cover already may produce a negligible increase in prey survivorship,
unless the added structure resulted in the Sp/Pr threshold being crossed.
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C H A PTE R 3: C O V E R Q U A L IT Y : P R E D IC T E D A N D A C T U A L
EFFECTS O N A P R E D A TO R ’S FO R A G IN G SUCCESS
(Portions o f this chapter submitted to Mar. Ecol. Prog. Ser.)

Abstract

I tested the importance of cover quality to the foraging ability of large Fundiilus
heteroclitus fish in tanks. Cover quality was measured as the average width of the individual
structures within a tank divided by the width of the individual prey organism (Cw/Pw). This
index is related to how visible a prey organism is when hiding behind individual structures.
This complexity index is dimensionless, and potentially applicable to any habitat type and
habitat scale. I predicted that prey survivorship should increase hyperbolically with
increasing Cw/Pw. I arrived at this prediction by simulating a prey organism hiding behind a
Hat structure and being viewed by a predator from all potential angles. In this simplified
simulation the "average amount of the prey hidden from view” increased hyperbolically with
increasing Cw/Pw to an asymptote of 0 .5 .1 then performed an experiment to test this idea. I
kept the total amount of cover within the tanks (C t/A t) constant between treatments and
varied the width of the individual structures relative to the width of shrimp prey
Paleomonetes spp. I tested the null hypothesis that survivorship and treatment type were
independent for this experiment using log-linear models. M y results failed to reject the null
hypothesis, so the different cover quality treatments had no effect on prey survivorship. This
result implies that cover quality may not be that important to prey survivorship, particularly
for mobile prey like Paleomonetes spp.
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Introduction

Ecologists have long known that habitat structure often provides prey with refuges
from predation in nature (Heck & Wetstone, 1977, Heck & Thoman, 1981, Orth et al., 1984).
Unfortunately, ecologists have measured and reported a wide variety o f habitat parameters as
"complexity'’ which makes comparisons between studies difficult (Beck, 1998, Attrill et al..
2000). McCoy & Bell (1991) state that “habitat structure” encompasses the absolute
abundance of habitat structural components (complexity), the relative abundances of
different habitat structural components (heterogeneity), and the scale used to measure these.
Recent experiments examining habitat - faunal interactions have recognized the importance
of measuring habitat parameters that are meaningful to the specific organisms of concern, or
otherwise scaling the measurements to the organisms of interest (Beck, 1998, Attrill et al.,
2000). This chapter discusses an index of complexity that may be related to a predator’s
foraging success: the size of the individual structures within a habitat relative to the size of
the prey. This index incorporates the scale of the organism of concern in a meaningful way.
The cover quality o f individual structures within a habitat, i.e. how large the
structures are relative to the prey organism, may be important to prey survivorship. For
example, imagine a habitat with 5 structures that are 1 unit wide, and another habitat that has
1 structure that is 5 units wide. I f there is a prey organism that is 1 unit wide it can, perhaps,

effectively hide in both habitats, and its survivorship may be nearly equal in both habitats. If
the prey organism is 5 units wide, however, it would always be at least partially visible in the
habitat with narrow structures, but it could, perhaps, effectively hide behind the single, wider
structure. Thus prey survivorship may differ between the habitats for the larger prey, but not
the smaller.
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To address the issue o f cover quality I devised the dimensionless index: cover width /
prey width (Cw/Pw). The cover width is the average width o f the individual structures,
viewing the structures as shadows, and the prey width is the appropriate linear dimension of
the organism, depending upon how it hides behind structure. For example, grass shrimp
Paleomonetes spp. grip vertically-oriented, thin structures with their heads up or down (pers.
obs.). Thus, the appropriate Pw to measure would be their width from side to side, as this is
the dimension that would be revealed behind the structure, not their length from head to tail.
Some amphipods, like Gammanis mucronatus, tend to grip long, thin structures from the
side, with their paraeopods downward (pers. obs.), so the appropriate Pw to measure in this
case would be the head to telson length.
I performed a simple simulation to determine how the “average amount of the prey
hidden" varied with increasing Cw/Pw. I simulated an individual structure providing the
cover as a line, and a prey organism hiding behind the structure as a circle tangent to the line
at its mid point (fig. 4). The length o f the line would be Cw, and the diameter of the circle
would be Pw. The predator “seeing” the prey was modeled as parallel light rays striking the
prey and cover. I rotated the predator 360 degrees around the prey and cover, and measured
the "amount hidden” as the fraction of the prey’s total diameter that would be in the shadow
of the structure, i.e. the fraction hidden from view. The “average amount hidden” for a given
Cw/Pw is the average fraction o f the prey hidden from view as the predator is rotated 360
degrees around the prey (viewing the prey from all potential angles). I then performed this
simulation for a variety o f Cw /Pw ratios, and I found that:

The average amount of the prey hidden = [(Cw/Pw) / (1 + C w /P w )] x 0.5
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(equation 1)

This is a hyperbolic relationship that has its asymptote at 0.5, i.e. at very large Cw/Pw values
the predator is either on one side o f the structure or the other, and has a 50 percent chance of
seeing either the entire prey or none of the prey. I f the total amount of the prey hidden is
proportional to prey survivorship, then prey survivorship should increase hyperbolically with
increasing Cw/Pw.
Different structural shapes may offer more or less protection to an individual prey
relative to the Hat plane in this simulation. A cylindrical structure of a given width, for
example, would offer less protection than a flat plane o f that width, as the prey would be at
least partially visible from a greater number of angles. Alternatively, a curved structure that
partially enclosed the prey would obviously offer more protection.
This simplistic model could also be complicated by prey behavior. If prey do not hide
directly behind individual structures, prey survivorship would be less dependent on Cw/Pw.
Conversely, prey may actively track the position of predators, and may change their position
accordingly, thus maximizing the amount o f their body hidden behind a given structure
(M ain. 1987). The activity level of the prey must also be considered when applying this
model. Relatively sedentary prey may rely more upon hiding behind individual structures for
their survival than active prey, which may rely instead upon escape. Thus, Cw/Pw may
become increasingly relevant to organisms as their comparative activity levels decline, and
Cw/Pw may not be important to very active prey. In fact, wide structures may be
disadvantageous to prey that rely upon active escape to avoid predation, as the wide
structures may interfere with the prey’ s ability to detect potential predators. For example,
Lima (1992) found that Downy Woodpeckers Picoidespubescens exhibited increasing

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

vigilance behavior as the width of the tree trunks that they foraged on increased. He also
found that the woodpeckers preferred thin or medium width trunks over wide trunks,
presumably because the wider trees interfered more with their ability to detect potential
predators (Lim a, 1992).
Cw /Pw may also not be relevant to prey that rely upon other methods of predation
avoidance besides hiding behind structures (such as noxiousness, camouflage, mimicry, etc.).
Cw/Pw may also not apply to fauna that do not hide behind structures, but instead hide by
burying in sediments, for example. The presence of multiple predators, prey and structures
within a given habitat would also complicate this simplistic model.
I tested the predicted relationships between Cw /Pw and prey survivorship in
experimental tanks. Large Fitndulus heteroclitus were used as predators and shrimp
Paleomonetes spp. were used as prey.
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Materials and methods

All experiments were conducted in the Glucksman Experimental Mesocosm lab at the
Virginia Institute of Marine Science, which has flow-through water from the York River and
climate control. The plastic tanks used for the experiments were 36 x 94 x 22 cm. They were
filled, approximately 24 hours before experimentation, to a depth of 15 cm with York River
water that was filtered through a 250 |am sieve to remove particles. The tanks had white
paper taped to their sides, so that outside motions would not disturb the fish during the
experiments, and had lids with an 8 x 8 cm opening for introducing prey and predators. The
underside of the lids had ridged rubber mats secured to them to avoid the problem o f shrimp
jumping out of the water and sticking to the underside o f the lid. The structural cover for both
experiments was provided by 14 cm long, smooth, dark green ribbon, cut to the appropriate
width, and secured to the bottom of the tanks with silicon aquarium adhesive. Each tank was
randomly assigned a position in a row along a lab table between experimental runs. F.
heteroclitus were collected with minnow traps from a Spartina altem iflora marsh adjacent to
the York River, and were kept in a tank with flow-through water for approximately 0 to 7
days before experimentation. The fish were fed live shrimp and live polychaetes while in
captivity. I used two fish in each experimental run because in past tests a single fish did not
consistently feed.
The habitat structural parameters for the six treatments are shown in table 11. The
total amount of cover / habitat area (C t/A t) in each treatment was constant, and the interstructural space size / predator body widths (Sp/Pr) are all greater than 2.2, which is the
estimated “threshold” value for F. heteroclitus. Below this threshold, the movement of the
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Table 11 Structural parameters, predator (fish ) body size measurements and prey (shrim p ) body size measurements for the
cover w id th / prey w id th (C w /P w ) experim ent.

C om plexity treatment

1

i

3

4

5

6

4 .0

4.5

5.4

6 .6

9.2

11.7

1.4 (0 .0 )

1.4 (0 .0 )

1.4 (0 .0 )

1.4 (0 .0 )

1.4 (0 .0 )

1.4 (0 .0)

2 .8 (0 .1 )

3 .2 (0 .1 )

3.8 (0 .1 )

4 .7 (0 .1 )

6.5 (0 .1 )

8.2 (0 .1 )

176

132

88

53

26

11

0.15

0.2 0

0 .3 0

0 .5 0

1.00

2.40

Total cover area: Ct

370

370

370

371

364

370

Total cover area / T a n k

0.1

0.1

0.1

0.1

0.1

0.1

0.41 (0 .0 1 )

0.41 (0 .0 1 )

0.41 (0 .0 1 )

0.41 (0 .0 1 )

0.41 (0 .0 1 )

0 .4 0 (0 .01)

0.3 7 (0 .0 1 )

0 .4 9 (0 .0 1 )

0 .7 5 (0 .0 1 )

1 .2 5 (0 .0 2 )

2 .5 0 (0 .0 3 )

6 .0 9 (0 .0 8 )

14*7

16'T

2157

28 f t

3657

4357

Avg Inter-structural
Space si/e Sp ic m i
Avg. fish opercular
width: Pr (S E ) (cm )
A vg. S p/P r (S E )
N um ber o f structures
In dividual structure
width: Cw ic m i

area: C t/A t
A vg. shrim p width: Pw
ic m ) (S E )
Structure w id th / Shrim p
width C w /P w iS E i
"A verage am ount o f the
prev hidden" i from eq. 1)
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fish may be hampered by the smaller spaces, but at values above the threshold

I assumed that

different Sp/Pr values had a negligible effect on predator maneuverability and prey
survivorship. Experiments were conducted in June and July 2000.
Paleomonetes spp. were collected with a dip net from a S. altem iflora marsh adjacent
to the York River, and held in a glass aquarium prior to experimentation. Shrimp were fed
commercial flake food, and were fed and measured immediately before transfer to the tanks.
I measured the width of each shrimp’s carapace with calipers for Pw.

I used fish >

8 cm in

length for this experiment. Fish were starved for 38-40 hours before experimentation in a
tank resembling the experimental tanks. The fish were randomly assigned to a treatment and
transferred to small mesh bags suspended from the openings of the tanks for a half an hour
before release. This allowed the fish to acclimate without eating the shrimp, which were
added to the tanks immediately before the fish. The fish were then released to feed on the
shnmp for approximately 4.5 hours.

I used 5 shrimp and 4.5 hour exposure times in each run

of this experiment because in preliminary tests large F. heteroclitus could eat 5 shrimp in
tanks without any cover in approximately 4.5 hours. Thus any survivorship

I observed in the

treatments was probably due to the habitat structure, and not due to the fish being satiated. At
the end of the exposure time the fish were removed from the tanks, their gill to gill widths
were measured, and the surviving shrimp were recovered and counted. Note that shrimp
routinely jumped out of the water and stuck to the inner sides o f the tanks. These shrimp
were not counted as “survived” or “eaten” for that treatment, and

I would use 6 shrimp in a

subsequent run of the same treatment to keep the total number o f shrimp counted
approximately equal between treatments.
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The survivorship results for all of the 18 experimental runs in each treatment were
pooled, and I analyzed the results using log-linear modeling in SAS. In this analysis each
shrimp is treated as a single replicate with the possible binomial response “survived” or
"eaten". The null hypothesis was that prey survivorship is independent of Cw/Pw treatment
t\pe. I also graphed the estimated first derivative of my survivorship and Cw/Pw results
versus Cw/Pw to better examine the shape of the relationship between Cw/Pw and prey
survivorship, similar to Lipcius et al. (1998).
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Results

Different numbers of shrimp were exposed to the predators due to the problem of
shrimp jumping out of the water and sticking to the sides (table 12). This problem may have
affected my results in unexpected ways, since shrimp that stuck to the sides and then went
back into the water before the end of the experiment may have been counted as survivors.
Some caution should be used when interpreting these results because of this problem. The
percent survival data was arc-sine transformed to calculate the standard error, and then back
transformed (table 12). The results of the log-linear model (table 13) fail to reject the null
hypothesis that survivorship and treatment level are independent (p = 0.15). The graph of the
results and the first derivative of the results (fig. 12 a and 12 b) indicate a slight peak of
survivorship at intermediate Cw/Pw values, although again there is no significant difference
between treatments.
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Table 12. Prey (shrimp) survivorship results for the cover width / prey width (Cw/Pw) experiment.

C o m p le xity treatm ent

1

# Survivors / To tal #

2

3

4

5

6

2 6 /S 8

2 7 /9 0

3 5 /9 0

3 6 /9 0

3 0 /9 2

21 /9 1

30 % (7 % )

3 0 % (7 % )

3 9 % (9 % )

4 0 % (7 % )

33 % (8 % )

23 % (6 % )

o f shrimp exposed
A \ g . '7 survivorship
per run iS E )
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Table 13 Maximum likelihood log-linear model for the cover width / prey wtdth (Cw/Pw) experiment. The interaction
between treatment and survival tests the null hypothesis that these factors are independent, a significant result indicates non
independence.

Source

df

C hi-Square

P robability

Treatm ent

5

1.13

0 .9 5 1 0

Survival

1

65.03

0 .0 0 0 0

T re a tm e n t" S urvival

5

8.17

0.1472
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Fig. 12. (a) Results of the cover width / prey width (Cw /Pw ) experiment, error bars represent
one standard error, (b) First derivative o f 12a versus Cw/Pw.
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Discussion

I found that increasing the width of individual structures relative to the width of
shrimp prey (increasing Cw/Pw) while keeping Ct/Atconstant had no effect on shrimp
survivorship. M y simulation (fig. 4) predicted that shrimp survivorship should increase
hvperbolically with increasing Cw/Pw, but the results did not support this model. In fact the
trend was that the lowest survivorship was observed in the highest width treatment,
suggesting that something other than the “amount o f the prey hidden” behind an individual
structure may have been important. The high Cw /Pw treatment had the lowest number of
individual structures, and also the widest spaces between individual structures. Perhaps the
lower survivorship in these treatments was due to the fish having fewer structures to search
behind when looking for prey. Another possible explanation is if shrimp tried to move from
structure to structure they would be more likely to be detected because of the wider spaces
between structures. If the latter is true, then this would be another reason that high space size
(Sp) levels in habitats would be disadvantageous to prey. It is interesting that the highest
survivorship occurred in the treatment with 0.5 cm width, having a Cw /Pw near I. This
treatment had the highest number of individual structures available that the shrimp could be
completely hidden behind at least part of the time. Again, however, the differences observed
between treatments were not significant.
Others have found that prey hiding behind individual structures affects their
survivorship (M ain, 1987) and that the width of habitat structure, relative to prey size, had an
effect on predator - prey interactions. Kenyon et al. (1995) demonstrated that a smaller
proportion of prawn Panaeus escalentus were detected by a fish predator Psammoperca
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waigiensis in wide bladed seagrass Cymodocea serndata (10 mm width) as compared with
the narrow bladed species Halodule uninervis (1 mm width) and Syringodium isoetifolium (2
mm width). Proportion of prawns eaten was lower in C. serndata as well, although this
difference was not significant. Kenyon et al. (1995) also found that different sized P.
esculenius behaved differently in treatments with different seagrass widths. Small (1mm
width) prawns were equally likely to perch on H. uninervis and C. serndata, as opposed to
burying in the substrate. Larger (10 mm width) prawns were significantly less likely to perch
on H. uninervis than on C. serndata, as opposed to burying in the substrate. Kenyon et al.
1 1995) note that H. uninervis provides a good refuge from visual predators only for small

juveniles, whereas C. serndata provides a good refuge for both size classes. In another study.
Kenyon et al. (1997) found that P. esculentus selected C. serndata over S. isoetifolium,
which in turn was preferred over H. uninervis and shortened S. isoetifolium. Kenyon et al.
(1997) suggest that this active selection of habitat type may explain the distribution of P.
esculentus in nature.
Stoner (1982) found that narrow Halodule wrightii blades provided less refuge than
wider Thalassia testudinum blades for amphipods being preyed upon by the visual predator
Lagodon rhomboides. This pattern appeared to be important in explaining the field
distribution of amphipods as well, because epifaunal species and larger individuals of a given
species were less abundant in H. wrightii beds compared with T. testudium beds (Stoner,
1983).
I did not find any significant differences in prey survivorship due to differences in
Cw/Pw for F. heteroclitus feeding on Paleomonetes spp. The results o f this study may have
been complicated by shrimp jumping out o f the water, and by differences in the amount of

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

open space between individual structures (different Sp/Pr) in the treatments. Overall, the lack
of significant differences between treatments indicates that Cw/Pw is probably not as
important to prey survivorship as Ct/At and Sp/Pr. This is particularly true for a mobile
species like Paleomonetes spp. that exhibits a rapid escape response and is not solely reliant
upon hiding behind cover to escape predation. Perhaps if I had used a more sedentary prey
species 1 would have found a stronger relationship between prey survivorship and Cw/Pw.
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C H A P TE R 4: FACTORS A F F E C T IN G T H E F A U N A L C O L O N IZ A T IO N OF
A R T IF IC IA L SEAGRASS PLOTS IN T H E Y O R K R IV E R , V IR G IN IA : S TR U C T U R A L
C O M P L E X IT Y A N D W A T E R FLO W SPEED
(P o r tio n s o f th is c h a p te r s u b m itte d to E s tu a rie s )

Abstract

I devised a new index of structural habitat complexity: the average inter-structural
space size within a habitat divided by the width of the prey organism o f concern (Sp/Py). I
predict that prey survivorship should be low at Sp/Py < 1 as the prey will be effectively
excluded from using the habitat as refuge (they cannot maneuver through the spaces). At
Sp/Py values of 1 or slightly greater than 1, survivorship should be high, as the spaces in the
habitat are ideal for the prey, and its predators are excluded (assuming the predators are
larger than the prey). As Sp/Py increases, prey survivorship drops rapidly until reaching a
lower plateau where no predators are excluded by the structure. Sp/Py is dimensionless, and
is potentially applicable across all habitat types and scales. One prediction that arises from
this model is that fauna of different sizes may respond differently to a given habitat based
upon how large the spaces within the habitat are relative to the fauna’s body size.
I tested this prediction using artificial seagrass plots deployed in a seagrass bed. The
plots had 5 different structural treatments: control (a base with no ribbon), low, medium and
high densities, as well as a heterogeneous treatment (composed of 1/3 low, medium and high
densities in a single treatment). I analyzed the abundance response o f 2 different mobile
faunal size classes (< 3.5 mm width “small” and 3.5 to 9.5 mm width “large”) to the different
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complexity treatments. I also tested whether increasing habitat heterogeneity would lead to
increasing species richness in the heterogeneous treatments, due to the increased number of
space sizes available.
I found that the abundance of the small fauna increased with increasing density, and
that this response was proportional to the total surface area of the plots. The small fauna
apparently did not respond to the smaller, "ideal” space sizes associated with the higher
complexity plots. The abundance of smaller fauna also increased with increasing water flow
speeds within the seagrass bed. Some of the small fauna species also appeared to increase in
abundance with increasing amounts of detritus recovered with the plots. The large fauna
responded differently to the different density treatments as well, and did not respond to the
differences in water flow speeds. The larger fauna were most abundant in the heterogeneous
and high complexity treatments, and unlike the small fauna they did not respond to the
structure proportional to the surface area within the plots. Thus it is possible that they
responded to the inter-structural space sizes appropriate to their body sizes, although the
results certainly do not unambiguously support this. The different treatments did not affect
species richness when the effect of faunal abundance on richness was controlled for.
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Introduction

Ecologists have long known that complex habitats serve as refuges from predation for
many prey species (Heck and Wetstone 1977; Coull and Wells 1983; Orth et al. 1984).
Unfortunately, ecologists have measured complexity in many different ways, which makes
comparing results between studies difficult (Beck 1998; Lipcius et al., 1998). I proposed new
dimensionless indices o f structural habitat complexity that are potentially applicable across
all habitat scales and types.
These new indices for structural habitat complexity are: the average inter-structural
space size in the habitat (Sp) divided by the largest, linear dimension of the predator,
perpendicular to the predator’s normal direction of motion, that would potentially limit its
ability to fit through spaces (Pr); and the total area of the “cover” (similar to viewing the
structure as a shadow) within the habitat (Ct), divided by the total area o f the habitat (At).
These indices attempt to directly measure how habitat structure interferes with a predator’s
ability to find and capture prey. They do not account for certain properties of the structure,
such as its color or shape relative to the prey species or any chemicals associated with the
structure (Duffy and Hay 1991) that may be very important to prey survivorship. These
indices also only attempt to measure habitat parameters that are important for predator - prey
interactions: they may not be relevant to other habitat - faunal processes.
I predicted that prey survivorship should decrease in a sigmoid, “threshold” manner
with increasing Sp/Pr, and that prey survivorship should increase in a hyperbolic manner
w ith increasing Ct/At, and that both parameters should influence survivorship independently.
In four laboratory experiments I demonstrated that the survivorship o f mobile amphipods,
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when preyed upon by fish Fundulus heteroclitus, decreased sigmoidally with increasing
Sp/Pr. increased hyperbolically with increasing C t/A t, and that both indices influenced prey
survivorship independently (see chapter 2 ).
Other researchers have found similar results in past studies, although they all defined
complexity differently. Gotceitas and Colgan (1989) found a threshold relationship between
largemouth bass foraging success and artificial plant stem density. Coull and Wells (1983)
also found a threshold relationship between meiofaunal prey survival and surface area to
volume ratio of various structures. Graham et al. (1998) and Lipcius et al. (1998) found
hyperbolic relationships between amphipod survivorship and artificial eelgrass density, and
juvenile spiny lobster survivorship and algal biomass, respectively.
I propose another dimensionless index of structural complexity Sp/Py, which is
similar to Sp/Pr, for use in situations where the size o f the predator is not known, or there are
multiple predator sizes. This index is the average size of the inter-structural spaces within the
habitat (Sp) divided by the largest, linear dimension o f the prey organism, perpendicular to
its normal direction of motion, that would potentially limit its ability to fit through spaces
( P y). Assuming that the predators are larger than the prey organism of interest I propose the
following relationship between prey survivorship and Sp/Py (fig. 3). At Sp/Py values less
than 1 (pan a) the spaces within the habitat are too small for the prey to fit through, the prey
cannot use the inter-structural spaces as a refuge, and prey survivorship should be low. At
Sp/Py values near 1 (part b) the spaces within the habitat are ideal for the prey because it can
fit through the inter-structural spaces, but its predators cannot (assuming the predators are
larger than the prey). As Sp/Py increases (part c) the number o f predators able to fit through
the spaces accumulates, the maneuverability o f the individual predators increases, and prey
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survivorship decreases rapidly. At very large Sp/Py values (part d) all the potential predators
can fit through the inter-structural spaces easily, and prey survivorship is low. This model
predicts that inter-structural space size, relative to prey body size, may be important in
determining the refuge value of a given habitat, and that one habitat may have different
refuge values to different prey individuals, depending upon the sizes of the prey.
One prediction of this model is that prey species may respond differently to the same
habitat, depending upon how large they are relative to the inter-structural space sizes within
the habitat. Larger prey may be excluded from habitats with spaces that are too small for
them, but that are ideal for smaller prey. If predation is a limiting factor, smaller prey may be
less abundant in habitats with spaces that are ideal for larger prey, because the space sizes
may be too large to effectively exclude the predators of the smaller prey. A habitat
containing different space sizes may attract prey of different sizes, and therefore have
increased species richness relative to a habitat with a single space size.
O f course fauna may respond to many other habitat parameters in addition to, or
instead of. space size. Fauna may respond to increased structure in a habitat due to the
increased amounts of cover for them to hide behind. I f predation is not a limiting factor,
faunal abundance may increase with increasing structural surface area due to the associated
greater food and living space resources (Heck and Wetstone 1977, Lewis 1984, Vimstein and
Curran 1986). I tested whether fauna responded positively to space sizes that were “ideal”
relative to their body sizes after controlling for the effect o f structural surface area. I also
tested whether increasing space size heterogeneity leads to increasing species richness,
controlling for the effect of faunal abundance on species richness. I tested these ideas by
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examining the fauna that colonized different artificial seagrass treatments deployed in a
Zostera marina bed in the York River, Virginia.
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Materials and methods

I constructed five types of artificial seagrass plots for this experiment. I first wove
dark green curling ribbon between two wire screens with the desired opening sizes. I then
submerged each screen, with the associated ribbon, into liquid concrete and allowed it to
harden. I then cut the ribbon in half between the two ends, producing two individual plots.
The concrete bases served as anchors, and held the ribbon strands in place. This method
produced a regular pattern of strands imbedded in the concrete base, but the strands were not
evenly spaced. The five types of plots were: control (just a concrete base), low, medium and
high density treatments and a heterogeneous treatment. The heterogeneous treatment
consisted of 1/3 each of low, medium and high density treatments in a single plot, which
wore arranged like slices in a pie. The habitat parameters are shown in table 14. Note that due
to difficulties during construction the high density treatments generally had slightly shorter
ribbon lengths. Also note that I used slightly different ribbon widths between treatments and
(accidentally) within the medium cover treatment. The bases were 132 mm in radius, were
between 41 and 44 mm thick and had the plastic mold still attached to them when deployed.
I deployed the artificial plots in a seagrass bed in the York River a tributary of the
Chesapeake Bay, Virginia at the mouth of Sarah’s Creek, a small inlet to the river
(76°28'48”W , 37° 15’06”N ) (fig. 13). I divided the seagrass bed into 10m x 10m squares on a
map. and randomly assigned artificial plots to positions within the bed. In the field, I located
the pre-determined deployment area by measuring distance along, and from, the shoreline
with a long transect line. A ll artificial plots were placed on relatively unvegetated spots
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Table 14. H ab itat parameters fo r the 5 artificial seagrass plots. C t/A t is the total am ount o f cover available in a given plot
iC ti divided by the area o f the p lo t’ s base (A t). Sp is the average space size between artificial seagrass blades.

C o m p le xity

A pprox.

A pprox.

A pprox.

A vg . Sp

Space size

Ribbon

A vg. ribbon

treatment

# blades
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8
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A ll: 5
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Fig. 13. Map of the lower York River, Virginia. The location of the seagrass bed where I
deployed my plots is indicated by the star.
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immediately adjacent to natural vegetation. I deployed 9 replicates of each treatment type for
two I week time periods. One of the medium density treatments was found upside down after
the first deployment period, and was not included in the experiment.
There was a water flow speed gradient within this seagrass bed, with lower speeds
close to the mouth of Sarah’s Creek, and higher speeds further from the mouth. This flow
speed gradient was due to increased wave exposure (pers. obs.), and also possibly due to
increased tidal currents, far from Sarah’s Creek. This flow speed gradient was readily
apparent in the field (pers. obs.), and the seagrass was generally patchier and less dense in the
higher How speed portion of the bed, compared with the lower flow area, consistent with the
results of Fonseca et al. (1983).
I verified this flow speed gradient by deploying 24 plaster of pans dissolution blocks
systematically in the bed on June 28, 2 0 0 0 .1 retrieved the blocks after 24 hrs in the field.
This day was neither particularly calm, nor particularly windy (pers. obs.), and tidal currents
would not have been particularly swift or slow, so I considered it to be a typical day for water
flow speeds. I constructed the dissolution blocks using regular plaster of paris (Evans
adhesive corporation. Columbus, O H ), following the instructions on the package for mixing,
and the procedures o f Thompson and Glenn (1994). I used ping pong ball molds, rather than
ice cube trays, to form spherical blocks as recommended by Thompson and Glenn (1994).
Each block was between 28.8g and 30.7g before deployment, and was allowed to harden
around a piece of string running through the middle of the block. The string allowed me to tie
each block to a stationary float in the field, and the blocks were suspended from floats
approximately 40 cm above the sediment surface. I calculated integrated water speed
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according to Thompson and Glenn (1994) equation 11. Note that Thompson and Glenn
(1994) used reagent grade plaster o f paris so this equation may not be accurate for my blocks,
since I used lower grade material.
1 deployed the artificial seagrass plots from June 10 to 17, and from June 21 to 28
1999. This was before the significant seasonal sloughing o ff of Chesapaeke Bay Zostera
marina shoots had occurred that year (pers. obs.). Past research has shown that allowing I
week for faunal colonization of artificial seagrass plots is adequate (Stoner and Lewis 1985,
Vimstein and Curran 1986). I deployed and collected each plot at or near low tide. Water
depth ranged from approximately 0.3m at the shallower depths to approximately 1.5m at the
deeper portions of the bed at low tide. I collected the plots by rapidly placing a bucket over
the entire plot while it rested on the bottom, flipping the bucket right-side up under water,
bringing the bucket rapidly to the surface, and then screwing a top on to the bucket. The
bottom of each bucket was removed (and served as the concrete mold) and replaced with 0.5
mm mesh screens. The fauna and detritus associated with the artificial seagrass and the
contents of the buckets were very thoroughly rinsed onto a large 0.5 mm sieve, and were
preserved in formalin. I measured the amount of detritus associated with each plot by
volumetric displacement. The fauna was counted and identified to the lowest possible
taxonomic level (usually species) in the lab. They were also assigned to 4 different size
classes, based on the largest inter-structural space sizes o f each treatment level (table 14).
These size classes were: < 3.5 mm, 3.5 to 9.5 mm, 9.5 to 22 mm and > 22 mm. The
organism’s width was usually measured, (since this may limit their ability to move through
the spaces in the habitat), but with the crab species I measured the distance between the
antero-lateral border and the postero-lateral border, since crabs walk sideways. Please note
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that I only counted and measured fauna that were potentially mobile, so I did not include
strictly sedentary or attached fauna. I also did not include larval fish and decapods that I
occasionally collected. I retrieved only 1 individual > 22 mm in width, and I recovered very
few individuals 9.5 to 22 mm width, so I statistically analyzed just the < 3.5 mm and 3.5 to
9.5 mm size groups (referred to as “small” and “large” fauna, respectively, in the following
text), except for the species richness analyses which included all the fauna collected.
I tested for differences between complexity treatments in the abundances of small
fauna and large fauna colonizers using A N C O V A . The factors were: treatment type and
deployment date, and the covariate was distance from the mouth of Sarah’s Creek (SCdist).
Water flow speeds generally increased with increasing SCdist (see results). A ll the small
fauna abundances were transformed by raising them to the 0.48 power to meet the
assumptions of A N C O V A . A ll the large fauna abundances were transformed by raising them
to the 0.5 power to meet the assumptions of A N C O V A . These were the minimum
transformations necessary to meet the assumptions. The transformed abundances were the
responses for the two A N C O V A analyses.
I also subtracted out the abundance of the Caprellid amphipod Caprella penantis from
the small fauna abundances for each plot and performed an A N C O V A with this modified
abundance as the response, SCdist as the covariate, and deployment date and treatment level
as the factors. C. penantis was obviously more abundant in the high flow areas further from
the mouth of Sarah's Creek (see results) and I wanted to determine if this species alone was
driving the significant positive results I found between small fauna abundance and the
covariate SCdist. (Small fauna abundance - C. penantis abundance) was natural log
transformed to meet the assumptions of A N C O V A .
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To determine if the faunal abundances responded to the differences in space size, or
simply to the differences in artificial seagrass surface area between the treatments, I divided
the small fauna and large fauna abundances of each plot by the total surface area of the
ribbons within that plot, similar to Stoner and Lewis (1985). I f the fauna simply responded to
the surface area of the plot, then there would be no difference between treatments for the
response: faunal abundance / surface area. I f space size was important to the fauna, then I
w ould expect to see differences in abundance / surface area, with the higher values in the
highest density treatments for small fauna, because the “ideal” space sizes afford the small
fauna protection from predation. The large fauna may have the highest values of abundance /
surface area in the medium or heterogeneous treatments if the highest density treatments are
"too complex” and exclude them, and if the ideal space sizes in these treatments provide
them with protection from predation. I tested these hypotheses separately for small and large
fauna using A N C O V A , with treatment and deployment date as the factors, SCdist as the
covariate and (abundance / treatment surface area) as the response. I did not include the
control treatments in this analysis, since they had no artificial seagrass.
I examined patterns o f faunal spatial distribution in the bed for species that were
collected in at least 2/3 of all the plots (the “commonly occurring species”). This included 14
species, many of which were also numerical dominants. I tested whether these fauna were
significantly spatially “clumped” within the seagrass bed, while controlling for the effect of
treatment type. I controlled for treatment type by assigning a value o f “ 1” to the plot with the
greatest abundance of a given species for a given complexity treatment. I then divided the
abundances of that species in the other plots with the same treatment type by the highest
abundance collected. I did this for both deployment dates. Any plot with a value of 0.8 or
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higher was classified as a “high density plot” . I then determined whether high density plots
were significantly clumped within the seagrass bed. I did this by forming a priori multiple
"links" between all the plots on a map as they were deployed in the seagrass bed at each date.
Links w ere formed between each plot and its nearest neighbors. I then counted the number of
links between “high density plots” relative to the total number of links formed, which can
then be statistically compared to the expected number of links between high density plots if
the high density plots were randomly distributed within the bed (C liff and Ord 1973). These
results allowed me to further explore the abundance patterns I observed with SCdist.
Some of the commonly occurring species appeared to be more abundant in plots with
higher amounts of detritus that had been collected along with the plots. Detritus may be
important to fauna both as a food source and as a refuge from predation (Kitting 1984, Edgar
1990a). If the abundance of a commonly occurring species appeared to increase in plots with
high associated detritus I tested this with A N C O V A . The factor was treatment type, the
covariate w as volume of detritus collected with the plot, and the response was abundance of
the particular species (transformed when necessary to meet the assumptions of A N C O V A ).
I also tested the effect of the different treatments on species richness. Obviously I had
to separate the treatment effect on abundance from the treatment effect on species richness. I
did this by taking the log of the total faunal abundance and the log of the species richness for
each plot. I then performed an A N C O V A , with date and treatment as factors, log(abundance
of fauna) as the covariate, and log(species richness) as the response.
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Results

Overall, I collected at least 71 species of mobile fauna associated with my artificial
seagrass plots. The ten most abundant species were: the amphipod Gammams mucronatus
(44.802 ind.). the polychaete Neanthes succinea (5,441 ind., most were small, recent
recruits), the amphipod Microprotopus raneyi (5,370 ind.), the amphipod Caprella penantis
(5.116 ind.), the amphipod Corophium spp. (2,548 ind.), the amphipod Elasmopus levis
(2.455 ind.), the amphipod Cytnadusa compta (1,395 ind.), the isopod Edotea triloba (1,279
ind.) the gastropod Crepidula convexa (895 ind.) and Nemerteans (819 ind.). The “commonly
occurring species" (collected in 2/3 of the plots or more) were: N. succinea (89/89 plots), G.
mucronatus (87/89 plots), C. convexa (84/89 plots), E. triloba (81/89 plots), the gastropod
Acteon punctostriatus (79/89 plots), Corophium spp. (79/89 plots), M. raneyi (73/89 plots),
the decapod Paleomonetes vulgaris (73/89 plots), C. penantis (72/89 plots), the isopod Idotea
baltica (65/89 plots), C. compta (63/89 plots), the amphipod Ampelisca spp. (61/89 plots),
the polychaete Eteone heteropoda (60/89 plots), and the gastropod Diastoma varium (59/89
plots).
The results of the A N C O V A for small fauna abundances indicate a highly significant
treatment effect and a highly significant effect of the covariate SCdist (table 15, fig. 14a and
b). Tukey multiple comparisons between treatments revealed that control = low < medium <
heterogeneous < high. Note that there is a significant interaction between deployment date
and treatment. This is probably because the relative position of the medium complexity
treatment changed between deployment dates (fig. 14a and b). One o f the individual
regression lines did not meet the A N C O V A assumption o f normality, even after
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Table 15. A N C O V A results for small fauna abundance. Deployment date and complexity treatment are the factors, and
distance from the mouth o f Sarah's Creek is the covariate.

df

SS

MS

F

P robability

S C reek dist

1

1413.47

1413.47

66 .25

< 0 .0 0 0 5

Date

1

17.52

17.52

0.8 2

0.3 6 8

Treatm ent

4

86 6 6 .3 8

21 6 6 .5 9

101.55

< 0 .0 0 0 5

Date * Treatm ent

4

2 3 5 .1 0

58 .77

2.75

0 .0 3 4

E rror

78

1664.10

21 .33

Total

88

Source
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Fig. 14. Transformed small fauna abundance versus distance from the mouth o f Sarah’s
Creek for (a) the first deployment period, and (b) the second deployment period.
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transform ation. Underwood (1997) refers to normal distribution for each regression as a
"u e a k assumption” that is "less important” than the others, however.
The results of the A N C O V A with C. penantis abundance subtracted from total small
fauna abundance still had a highly significant effect of the covariate SCdist, and had a highly
significant treatment effect (table 16. fig. 15a and b). Thus the abundance of C. penantis was
not solely responsible for the significance of SCdist in the small fauna total abundance
analysis. T ukey multiple comparisons between treatments revealed that control < low <
m edium < heterogeneous < high.
The results of the A N C O V A after dividing the small fauna abundance by the total
surface area o f the plot they were collected in revealed that the covariate SCdist was
significant. (D F = 1,

F = 42.06. p < 0.0005), but that the factors date, treatment and their

interaction were all not significant (date:
2. OS. p = 0.112; interaction:

DF = 1, F = 0.71, p = 0.403, treatment: DF = 3, F =

DF = 3, F = 1.85, p = 0.147). Note that one of the individual

regression lines did not meet the A N C O V A assumption of normality.
The results of the A N C O V A for large fauna abundance indicate no significant effect
o f SCdist, a significant treatment effect, and a significant increase in the number of large
fauna collected from the first to the second deployment (table 17, fig. 16). The results of
T u kev's m u ltip le comparisons between treatments are indicated by the bars under the
treatment labels in fig. 16. The results o f the A N C O V A for large fauna after dividing the
abundances by the surface area of the treatments they were collected in revealed a significant
effect o f date

(DF = 1, F = 5.30, p = 0.025), and treatment (DF = 3, F = 15.09, p < 0.0005)

and no significant interaction between these factors

(DF = 3, F = 0.83, p = 0.482). The
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Table 16. AN C O V A results for small fauna abundance after the abundance o f Caprella penantis has been subtracted out.
Deplo> ment date and complexity treatment are the factors, and distance from the mouth o f Sarah’ s Creek is the covariate

Source

df

SS

\1 S

F

P ro bab ility

S C reek dist.

1

5.463

5.463

32 .18

< 0 .0 0 0 5

Date

1

0 .2 5 4

0 .2 5 4

1.49

0.2 2 5

Treatm ent

4

124.657

3 1 .1 6 4

183.56

< 0 .0 0 0 5

Date • Treatm ent

4

1.120

0.2 8 0

1.65

0.171

Error

7S

13.242

0 .1 7 0

Total

88
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Fig. 15. Natural log transformed small fauna abundance (without including Caprella penantis
abundance) versus distance from the mouth of Sarah’s Creek for (a) the first deployment
period, and (b) the second deployment period.
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Table 17. A N C O V A results for the large fauna. D eploym ent date and co m p lexity treatm ent are the factors, and distance
from the mouth o f Sarah's C reek is the covariate.

Source
S Creek d;st.

df

SS

MS

F

P robability
0.161

1

1.243

1.243

2.0 0

Date

1

16.299

16.299

2 6 .2 6

< 0 .0 0 0 5

Treatm ent

4

80.501

2 0 .125

32 .42

< 0 .0 0 0 5

Date * Treatm ent

4

3 .0 0 6

0.751

1.21

0 .3 1 3

Error

78

4 8 .4 2 0

0.621

Total

88
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Fig. 16. Transformed large fauna abundance versus treatment type. Error bars represent 1
standard error. The results of Tukey’s multiple comparisons between complexity treatments
are shown as bars beneath the treatment labels. Treatments sharing a bar are not significantly
different.
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covariate SCdist was also not significant (D F = 1, F = 0.52, p = 0.473). Tukey’s multiple
comparisons revealed that high = mixed = medium < low.
The results of the integrated water flow speed measurements are shown in fig. 17.
Overall, this map shows that higher flow speeds were generally found further from the mouth
of Sarah’s Creek, with most of the highest speeds recorded occurring furthest from the
mouth. The exception to this trend was an area of very low flow speed in the narrow part of
the bed from 350 - 400m from the mouth (fig. 17). This relatively small area was not
randomly assigned many plots during the experiment (4 total) so in general my results would
reflect an increasing water speed gradient with increasing SCdist.
The results of the clumping analysis are shown in table 18. Comparing the areas in
which fauna were clumped with the locations o f the high flow speeds (fig. 17) I found that G.
mucronatus, N. succinea and C. penantis, which were 3 of the 4 most abundant species,
tended to clump in areas with high integrated water speeds; /. baltica also clumped in these
areas, although its overall abundance was low. Ampelisca spp. and P. vulgaris, which had
low abundances, clumped in an area of low water flow.
Several of the commonly occurring species, on first inspection, appeared to have
increased abundances in plots with relatively high amounts of detritus, and were examined
further. These species were: E. triloba, /. baltica, N. succinea, G. mucronatus, M . ranevi and
Corophium spp. O f these species, the covariate “volume o f detritus” in deployment 2 (the
assumptions of A N C O V A could not be met for deployment 1) was significant for: E. triloba
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Fig. 17. A schematic of the seagrass bed used for this study. The dashed lines represent the
approximate boundaries of the seagrass bed. The shoreline at low tide is at 0 m from shore.
The circles are the approximate locations where chalk blocks were deployed to measure
integrated water speeds. The values associated with each circle were computed from
Thompson and Glenn (1994) equation 11. Note that the mouth o f Sarah’s Creek is at the right
side of this figure, and that the seagrass bed continues beyond the side borders of this
schematic.
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Table IS . Results o f the spatial auto-correlation test for faunal distributions w ith in the seagrass bed. I determ ined which
plots had high densities o f a given species relative to other plots o f the same co m p lexity treatm ent type. I perform ed a spatial
auto-correlation test tor the fauna that occurred in 2/3 o r more o f all the plots. A significant result indicates that the “high
densits " plots were significantly clum ped relative to a random distribution w ith in the bed. I f significant clum ping occurred.
I described the ahundanee pattern o f the fauna and the location o f the clu m p w ith in the bed (refer to fig. 17).

Species
Acteon purtctostriatus
Am pelisca spp.

I"

2nd

deploym ent

deploym ent

n.s.

n.s.

n.a.

n.s.

V ery low abundances overall (avg. 2 .4 / plot). 2 0 -1 1 0 m from

p = 0.0 2

D escription o f abundance, and clum p location (see fig. 17)

m outh. 4 0 -1 0 0 m from shore
( 'ap rella penantis

p = 0.0 2

p = 0.1

V ery high abundances far from the mouth o f S. C reek, (avg.
226.9 / plot > 4 0 0 m fro m m outh) very low abundances
elsewhere in bed (avg. 5.1 / plot < 4 0 0 m from m outh), 43 0 500 m from m outh. 4 0 - 1 1 0 from shore for deploym ent 1.
(high abundance plots for deploym ent 2 w ere alm ost exactly
in the same location, but not quite significantly clum ped)

( oraphium spp.

n.s.

n.s.

C re p id u la convexa

p = 0 .0 4 7

n.s.

n.a.
Low abundances o v erall (avg. 10.2 / plot). 0 -1 1 0 m from
m outh. 0 -8 0 m from shore

(\m a d tts a compia

n.s.

n.s.

n.a.

D iastom a variant

n.s.

n.s.

n.a.

Edolea trilo ba

n.s.

n.s.

n.a.

Eteone heteropoda

n.s.

n.s.

n.a.

t iam m artts m ucronatus

n.s.

p = 0 .W

V ery high abundances overall (avg. 5 0 3 .4 / plot), 2 2 0 -2 6 0 m
and 4 5 0 -5 0 0 m from m outh. 10-70 m and 3 0 -5 0 m from
shore, respectively (d eploym en t 1 high abundance plots were
generally in the same location as the deploym ent 2 high
abundance plots, but not significantly clum ped)

Idotea balnea

n.s.

p = 0.003

M icro proto pu s ranexi

n.s.

n.s.

Seanthes succinea

n.s.

p = 0 .0 1 6

Lo w abundances overall (avg. 3.7 / plot), 4 6 0 - 5 0 0 m from
mouth. 3 0 -5 0 m from shore
n .x
H igh abundances overall (avg. 6 1 . 1 / plot). 4 3 0 -4 8 0 m and
200 - 310 from m outh. 3 0 - 1 1 0 m and 10 -20m fro m shore,
respectively, (m ost deplo ym ent 1 high abundance plots were
in the same general area as the deploym ent 2 high abundance
plots, but not sig nifican tly clum ped)

I'aleom onetes vtdvarts

p = 0 .0 0 6

n.s.

Low abundances overall (avg. 6 .3 / plot). 3 0 -1 1 0 m from
mouth. 5 0 -1 0 0 m fro m shore
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(D F = 1, F = 50.12, p < 0.0005), I. baltica (D F = I, F = 4.84, p = 0.03) and N. succinea (D F
= I . F = 24.10, p < 0.0005). In order to meet the assumptions of A N C O V A the E. triloba
abundances were raised to the 0 .6 6 power, and the /. baltica abundances were raised to the
0.5 power. A n individual regression for E. triloba did not meet the A N C O V A assumption of
norm ality. Plots with large amounts of associated detritus tended to occur in the high water
speed areas > 400m from the mouth of Sarah’s Creek (pers. obs.). /. baltica and N. succinea
were associated both with this high flow speed area, and with plots containing high amounts
o f detritus, so it is unclear which of these factors may be influencing their abundance. Almost
all o f the .V. succinea collected were relatively small individuals, and were probably recent
recruits, so they may have had higher larval flux in the high flow areas, with greater overall
settlement in these areas. N. succinea were also often found intimately associated with the
seagrass detritus when processing the samples (pers. obs.).
The abundance versus species richness curves exhibited typical hyperbolic
relationships. The equation describing the relationship between number of mobile species
found in a plot (richness) and the abundance of mobile species found in a plot (abundance)
for the first deployment is: richness = (24.19 x abundance) / (68.04 + abundance) (both
coefficients are highly significant, p < 0.0001, adjusted R 2 = 0.59). The relationship for the
second deploym ent reached a slightly higher richness asymptote than the first deployment,
the equation describing that relationship is: richness = (31.48 x abundance) / (67.32 +
abundance) (both coefficients are highly significant, p < 0.0001, adjusted R 2 = 0.75). Note
that fo r both o f these equations the results from ail the plots were pooled without accounting
for treatment differences, since species richness was not different between treatments when
total abundance was controlled for (see below). The log(abundance) versus log(richness)
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results for the first deployment did not meet the assumptions o f A N O V A , because 3 of the 5
individual regressions exhibited significant heteroscadacity. It appears that there is no
significant difference in log(richness) due to treatment for the first deployment, however (fig
ISa). except for the possibility of slightly lower richness in the control treatments. The
deployment 2 data (fig. 18b) met the assumptions of A N C O V A , and there was no difference
due to treatment, and a highly significant effect of the covariate log(abundance) (table 19).
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Fig. IS. Log(species richness) versus log(abundance) for (a) the first deployment period, and

(b)

the second deployment period.
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Table 19. Results o f the A N C O V A for lo g (p lo t species richness) fo r the second deploym ent. C o m p le x ity treatment is the
factor, and logt plot faunal abundance) is the covariate. I could not perform an A N C O V A fo r the first deploym ent because
the data violated the assumptions o f A N C O V A .

Source

df

SS

MS

F

P robability

Loci abundance I

1

0 .1 0 8 7 3 7

0 .1 0 8 7 3 7

36 .97

< 0 .0 0 0 5

Treatment

4

0 .0 1 7 1 3 9

0 .0 0 4 2 8 5

1.46

0 .2 3 4

lirror

39

0 .1 1 4 7 2 3

0 .0 0 2 9 4 2

Total

44
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Discussion

I found a significant positive effect of increasing habitat structure for small faunal
abundances. This was simply due to the increasing surface area of the higher density
treatments, as there was no difference in abundance between treatments when plot surface
area was controlled for. Therefore, the smaller space sizes associated with the higher density
treatments did not appear to influence small fauna abundances. For large fauna there was a
slightly different pattern of abundance. The highest abundances were found in the
heterogeneous treatment, although these plots did not have significantly higher abundances
than the high density treatments. The low density treatment had significantly higher large
fauna abundance divided by the surface area of the treatments. These results suggest that the
large fauna did not just respond to the surface area within the plots, and that treatments with
larger space sizes, that are “ideal” relative to the body size o f the larger fauna, may have
encouraged colonization of these plots. The pattern of large fauna colonization is not clear
enough to assert that Sp/Py was important, however. Furthermore, the highest density
treatments, with Sp/Py < 1 for large fauna, certainly were not “too complex” such that these
treatments excluded them. For example, I regularly found large blue crabs Callinectes
supidus resting on top of the high density treatments, having pushed the blades aside (pers.
obs.).
The species richness of the fauna increased in a typical hyperbolic manner with
increasing faunal abundance, but there was no treatment effect on species richness
independent of faunal abundance. Thus, the increased variety of spaces available in the
heterogeneous plot failed to increase mobile species richness.
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The small fauna did increase significantly with the covariate “distance from the
mouth of Sarah’s Creek”. The most likely explanation for this is that they responded to a
\anety of factors directly or indirectly related to increased water flow speeds far from the
mouth of Sarah's Creek (fig. 17). This response was most obvious for C. penantis, a caprellid
umphipod. Caprellids in general, and this species in particular, have been shown to respond
to energy gradients (Takeuchi et al. 1987). C. penantis both filter feeds and feeds from
nncrofiora. microfauna and detritus that it scrapes o ff surfaces (Caine 1974). C. penantis may
directly benefit from increased water flow speeds due to the associated increased food fluxes,
which may lead to higher growth rates (Sanford et al. 1994).
C. penantis obviously increased in abundance with increasing SCdist (table 18), but
my analysis with C. penantis abundance subtracted from the small fauna abundance revealed
that it w as not the only species driving the significance of this covariate. Several other
common species appeared to have relatively high abundance clumps far from the mouth of
Sarah’s Creek (table 18). O f these, my analyses demonstrated that N. succinea and I. baltica
may have responded, at least in part, to the large amounts o f detritus trapped by some of the
plots deployed far from Sarah’s Creek. The detritus may have served as a transport
mechanism similar to drifting algal mats (Holmquist 1994, Bostrom and Bonsdorff 2000).
Alternatively, N. succinea may have settled on the plots directly from the plankton, and the
higher flow rates far from Sarah’ s Creek may have caused them to have higher encounter
rates w ith the plots, leading to the observed higher densities. This seems probable for N.
.succinea, since most of the individuals counted were newly settled.
G. mucronatus, by far the numerical dominant in this study, did not seem to be
associated with increased detritus, but was still associated with high flow speed areas. G.

ill
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mucronatus is a grazer that feeds on microalgae, macroalgae and detritus (Zimmerman et al.
1979. D uffy et al. in press). Past studies have shown that microalgae can colonize artificial
seagrass quickly (Van Montfrans et al. 1982, Vimstein and Curran 1986). Studies have also
shown that epibenthic diatoms, like those attached to seagrass blades, may grow more
quickly and have faster biomass accumulation rates in faster flow regimes due to increased
nutrient transfer rates (Biggs et al. 1998). Perhaps there were greater food resources in the
high flow area of the seagrass bed, and the fauna, which consisted mostly of grazers like G.
mucronatus, responded to this. If grazer abundance was responding to increased food
resources it suggests that these fauna may have been food limited rather than predator limited
in this experiment.
Food limitation may also explain why the small fauna increased with increasing
density proportional to the surface area o f the structure. Presumably the amount o f attached
diatoms which the grazers eat increased with the amount of available surface area. The
results of Edgar (1990b, 1993) and Edgar and Aoki (1993) are consistent with the hypothesis
of food limitation, not predation limitation, for mobile grazers. In Chesapeake Bay seagrass
beds D uffy and Harvilicz (submitted) suggest that small crustacean grazers are food resource
limited, rather than predator limited. This contrasts with studies conducted elsewhere that
have demonstrated or suggested that faunal abundance in seagrass beds is predator limited
(Young et al. 1976, Heck and Wetstone and sources therein 1977, Stoner 1982, Edgar 1983,
Vimstein and Curran 1986). These studies may have been conducted at sites with higher
levels of predation pressure than the Chesapeake Bay, however (Duffy and Harvilicz
submitted).
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If small fauna abundance was limited by predators in this study, then they may be
responding to the increased cover (which was directly proportional to the plot surface area)
available for them to hide behind. The results of Fredette and Diaz (1986) suggest that
predators may be limiting to certain species for parts o f the year in Chesapeake Bay. They
found that G. mucronatus abundance in seagrass beds peaked in June (when my plots were
deployed) and declined precipitously afterwards. They cautiously attribute this decline to the
appearance of migratory fish predators into the Chesapeake Bay at this time (Fredette and
Diaz 1986). Duffy et al. (in press) observed a similar pattern for G. mucronatus, and found
that other grazer species increased in abundance as G. mucronatus declined. This increase
may be due to competitive release, since these grazers utilize similar food resources (Duffy et
al. in press). Duffy and Harvilicz (submitted) demonstrated inter-specific competition for
food in mesocosms with grazer densities comparable to field densities in Chesapeake Bay.
During the time period in which I deployed my plots, predation may not yet have been
limiting for G. mucronatus, or any other species.
There are several other possible explanations for why the small fauna had increased
densities in the high flow area of the seagrass bed. The artificial plots I deployed may be
more complex, relative to the surrounding natural grass, in the sparser, more patchy highflow area than in the denser, higher percent cover, low-flow area o f the seagrass bed. Thus
the fauna may have been more inclined to choose my artificial plots in the high flow areas
relative to the low flow areas, leading to greater densities there (Bell and Westoby 1986).
Alternatively, there may be less predation pressure in patchy seagrass habitats, like the high
(low speed pan of my bed, compared with continuous beds. For example. Hovel (1999)
found significantly higher survivorship of juvenile blue crabs Callinectes sapidus tethered in
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fragmented seagrass habitats compared to continuous beds in the York River, Virginia, and
he has found similar results for crabs tethered in North Carolina and California seagrass beds
as well (K. Hovel pers. com.).
Unlike the small fauna, the large fauna did not increase simply in proportion to the
surface area available in each plot, because the low density treatment had significantly higher
abundance / ribbon surface area. Large fauna were found in the highest absolute abundances
in the heterogeneous complexity treatment, which has spaces appropriate to their body size,
and the second highest amount o f cover (table 14). These results indicate that the large fauna
were not responding simply to the amount o f surface area or cover available in the plots, but
the results do not clearly demonstrate that space sizes appropriate to the large fauna body
sizes (Sp/Py) contributed in any way to their abundance pattern.
Other studies have found more compelling links between Sp/Py and faunal responses.
These studies support the idea that space size, relative to prey body size, can be important for
a variety of organisms inhabiting both flexible and rigid habitat structures. Pihl et al. (1995)
noted that increased structure (more filamentous algae) in a seagrass bed decreased macroepifaunal biomass, because the added structure made the habitat “too complex” for the
species normally inhabiting that area. In another study, Pihl et al. (1996) suggested that
increasing filamentous algae in seagrass beds may shift complexity levels in favor of
meiofauna and microfauna at the expense of macrofauna. Hacker and Steneck (1990)
demonstrated that the amphipod Gammarellus angulosus is sensitive to the space sizes within
macroulgae. and that they appear to prefer space sizes that match their body size and are not
too small. Moksnes et al. (1998) found that juvenile shore crabs Carcinus maenas survived
well in ephemeral macroalgae in the lab when exposed to the predaceous shrimp Crangon
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crangon, but that survivorship differed between macroalgal species. Survivorship peaked in
algae of medium complexity, with spaces that the crabs could fit through and which the
predators could not fit, but was lower in foliose and finely filamentous algae. The finely
filamentous algae was too complex, with space sizes that were too small for the crabs to fit
through, and the foliose algae had inter-structural space sizes that were apparently too large
to effectively exclude the predators (Moksnes et al. 1998). Nemeth (1998) investigated the
survivorship of juvenile bicolor damselfish Stegastes partitus residing on Montastrea
annularis and Poriies porites coral. He plotted fish survivorship versus average crevice area
of the coral, and if you examine his results without separating them by coral species, there is
clearly a decreasing threshold relationship between crevice area (proportional to Sp) and prey
survivorship (Nemeth 1998, fig. 3a and 4a).
Other researchers have found relationships between prey species’ size and space sizes
as well. Steger (1987) found a positive relationship between coral rubble cavity volume and
the size of the stomatopods residing within the cavities, and Duffy (1992) found similar
results for shrimp residing in sponges. Friedlander and Parrish (1998) found that the average
size of coral reef fish within an assemblage was positively correlated with the average coral
reef hole volume of the adjacent reef. Hixon and Beets (1989, 1993) performed two
expertments with artificial reefs demonstrating the importance of fish size and space size. In
one they varied the number of large spaces available, and they found that the number of large
fish increased with increasing availability. In the other, they had equal numbers of spaces,
but two different space sizes. Large fish were more abundant in the large space size
treatment, and small fish were less abundant in these treatments, presumably because of the
increased number o f large piscivores (Hixon and Beets 1989). These results are similar to
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those of Nemeth (1998) who found that adding large holes to artificial reefs increased the
abundance of piscivores on the reefs, and decreased prey fish abundances.
The results o f these studies support the idea that space size, relative to prey body size,
may be important to consider when assessing the refuge value of a given habitat. The Sp/Py
index I propose may be useful to researchers by allowing them to compare results between
different studies, since this index is potentially, although not necessarily easily, applicable
across all habitat scales and types. This index also has potential shortcomings as well,
including some similar to the shortcomings of the Sp/Pr index, which must be considered.
Prey species are less likely to respond to space size relative to their body size if predation is
not a dominant factor controlling their abundance, which seems to have been the case in this
experiment. Similar to Sp/Pr. this index does not take into account the distribution of the
structures within the habitat (whether structures are heterogeneously arranged or not), the
relative stiffness or fragility of the structures, the colors and textures o f the structures and any
chemical or physical defenses provided by the structures. Despite these shortcomings, I feel
that this index may be useful, both conceptually and practically, to researchers interested in
predator - prey - habitat interactions. I feel that this index may be particularly useful to
researchers that are interested in constructing “ideally complex” habitats for a particular prey
species, or to those that are interested in modifying a natural habitat for a target species.
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C H A P TE R 5: G E N E R A L C O N C LU S IO N S A N D A P R A C T IC A L A P P L IC A T IO N

I devised four new indices of structural habitat complexity for use when investigating
predator - prey - habitat structure interactions. The indices are: (1) Ct/At, the amount of
structural cover available in a given area for prey to hide behind, (2) Cw/Pw, the average
u idth of the individual structures within a habitat divided by the width of the prey, (3) Sp/Pr,
the average size of the inter-structural spaces in a habitat divided by the size o f the predator
and (4) Sp/Py, the average size of the inter-structural spaces in a habitat divided by the size
of the prey, which is similar to Sp/Pr, but can be used when the size of the predators is not
known, or is variable.
The indices I proposed are all dimensionless, so they can potentially be used at any
habitat scale. Since these indices are dimensionless, one can also compare the results of
predator - prey - habitat studies conducted at different scales (to compare whether fish
predators of different sizes respond similarly to habitat structure for example).
These indices are potentially applicable to a wide variety of habitat types, since they
measure parameters that any habitat with structure w ill contain: structural cover area (Ct),
cover width (C w ) and inter-structural space size (Sp), combined with a relatively simple
predator or prey body size measurement (Pr, Py or Pw). These indices would potentially
allow researchers to compare a predator’ s foraging efficiency in two different habitat types,
for example, while controlling for the effect of habitat structure between treatments.
I found that prey survivorship increased hyperbolically with increasing Ct/At, as
predicted. I found that prey survivorship decreased sigmoidally with increasing Sp/Pr as
predicted. I found no effect o f increasing Cw/Pw on prey survivorship. I also found that
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differences in the density of artificial structures deployed in a seagrass bed affected their
colonization by macrofauna, but the colonization pattern did not support the idea that
differences in inter-structural space size relative to the colonizer’ s body size (Sp/Py) affected
the fauna. Perhaps I would have seen an effect of space size relative to prey body size if the
structures I employed were not as flexible as the ribbons employed in my field experiment.
The flexibility of the ribbons allowed large fauna to push aside the individual blades and rest
on top of. and amongst, the blades. A stiffer structure might not have allowed this behavior,
and may have actually excluded fauna that were larger than the space sizes in the treatments.
Increasing water flow speeds within the seagrass bed positively affected the abundance of the
small fauna in this experiment. There are several probable explanations for this result,
including increased food levels, increased food fluxes, increased settlement due to higher
larval encounter rates and increased levels of detritus in the high flow areas.
These new indices are designed to make an explicit link between the way in which
structure interferes with a predator's foraging ability and the habitat parameter used to
measure complexity. Past indices o f complexity quantified some part of the habitat of
interest, but rarely explained why and how the parameter employed should interfere with a
predator's foraging ability. Obviously habitat structure can play other important ecological
roles besides interfering with a predator’s foraging ability, and these new indices probably
will not be useful if applied to different ecological processes involving structure. In my field
experiment, for example, the small grazing fauna appeared to respond positively to the
surface area provided by the blades, potentially because a greater surface area led to higher
attached food resources, and these fauna may have been food limited, not predation limited.
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Except for Ct/At, these indices of complexity incorporate the scale o f the organism
into the indices in a meaningful way. It is intuitive that the same habitat may have different
refuge values, or may affect predators differently, based upon how large the organism of
concern is. These indices account for this phenomenon by scaling the size of the habitat
structure to the size of the organism itself. It is important to do this, because viewing habitats
from a human perspective can give us a wrong impression of what is “complex” for a given
organism. In the past, ecologists have largely dealt with this phenomenon by measuring
habitat parameters at a scale that they supposed was important to an organism, and by
ignoring elements of a habitat that they supposed were unimportant at that scale. These
indices allow us to measure complexity by the organisms’ standards, and may be helpful in
addressing practical ecological problems.
O f course these indices may be more applicable in certain habitats or ecological
conditions when compared with other habitats or conditions. C t/A t is most applicable to
visual predators, although cover may also interfere with the foraging success of tactile
predators and predators utilizing echolocation. Cover may also disrupt auditory and pressure
wave cues that some predators use to locate prey. Structure may also interfere with predators
that locate prey using chemical cues carried in air and water by producing turbulent flow
which dilutes the chemical signal below the sensory capabilities o f the predator (Weissburg
and Zimmer-Faust, 1993). Alternatively, structure may increase the foraging efficiency of
chemosensory predators by increasing the number of odor plumes downstream from the
structures, increasing the likelihood o f plume encounter by predators (Finelli, 2000). Ct/At is
also most applicable to actively searching and capturing predators. Predators that strictly
utilize an ambush strategy for prey capture are unlikely to be affected by cover, and in fact
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they may benefit from increased cover if their prey is faster than they are and can easily
detect them without cover.
Habitats with increasing amounts of Cw may also benefit predators more than prey if
the predators rely upon ambush strategies to catch prey. Cw /Pw is more likely to be
applicable for more sedentary prey species that must rely upon hiding behind individual
structures to escape predation, and this index is less likely to be important for more mobile
species that can actively escape predation.
Both Sp/Pr and Sp/Py are less likely to be applicable to predators that do not actively
search for and pursue prey. These indices are also less applicable to habitats with flexible
structures that prey can easily bend aside, although flexible structures may still slow or
entangle predators.
If we assume that prey will actively seek out patches of high refuge value within a
heterogeneous environment, then prey survivorship should increase with increasing habitat
heterogeneity for all of these proposed indices. However, in some cases a habitat that has
uniformly low Sp/Pr, such that the predator cannot maneuver through any of the spaces, may
have higher prey survivorship than a habitat with greater Sp/Pr heterogeneity, such that the
predator can move through at least some of the spaces.
These indices may be useful for managers interested in manipulating natural
structures to benefit a target predator or prey species, or for constructing artificial structures
for the same purpose. For example, these indices, particularly Sp/Py, may be useful to
managers interested in designing artificial structures for coral reef fish. Large sums o f money
have been spent constructing and deploying artificial reefs to increase local fisheries
production, but the results have typically been unsatisfactory (reviewed in Seaman and
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Sprague, 1991). This is because most artificial reefs merely attract adult fish from
surrounding areas, rather than “producing” fish through increased growth and protection
from predation (Bohnsack, 1989, Bohnsack et al„ 1994, Grossman et al„ 1997, Carr and
Hixon. 1997). In his review o f the artificial reef literature, Bohnsack (1989) found only one
study, conducted on octopus in Japan, that has unequivocally demonstrated that artificial
structures have increased the regional catch for a fishery (Polovina and Sakai, 1989).
Artificial reefs that provide settlement habitat for planktonic individuals that would otherwise
not settle (and would be lost to the region) would certainly increase regional production, even
if individual survivorship on these structures was poor. Artificial reefs that provided better
refuges from predation than natural reefs and thus increased relative survivorship would
more effectively increase regional fish production (Bohnsack, 1989, Carr and Hixon, 1997).
Reef fish are the most at risk from predation soon after they settle from the plankton,
as evidenced by the extreme type-III survivorship curves for most reef fish species (Hixon,
1991. Hixon and Beets, 1993, Dahlgren, 1998). Small-scale, inexpensive artificial reefs that
are “ideally complex” (as determined by Sp/Py) for these early juvenile fish may actually
produce adult fish by increasing juvenile survivorship. The usefulness o f these reefs would
increase if they were deployed far from natural reefs, as they would be more likely to
intercept planktonic larvae that would otherwise be lost to the region (Carr and Hixon, 1997).
Predation pressure on juvenile fish also generally decreases with increasing distances form
natural reefs (Shulman, 1985). Hemnkind et al. (1997) have had success with this type of
structure for promoting juvenile Caribbean Spiny Lobster Panuliris argus settlement and
survivorship.
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Unfortunately, most artificial reefs deployed to date are large, with wide openings
that are ideal for adult piscivorous fish, and are not nearly complex enough to provide
juvenile fish with refuges from predation. M y indices could be used to make artificial reefs
with size appropriate inter-structural spaces (“ideal” Sp/Py) constructed with structures that
individually provided adequate size-specific cover (C w /P w ) and together provided high
cover within the reef (C t/A t) for the target fish. I propose that reefs constructed with these
indices would actually produce adult fish through increased juvenile survivorship, rather than
merely attracting fish.
These artificial reefs should be smaller in scale than most artificial reefs deployed
today because several small structures are more likely to intercept planktonic fish larvae than
a single large structure of equivalent area, due to increased perimeter to area ratios (M cNeill
and Fairweather 1993, Eggleston et al. 1998). Several researchers have found increased
faunal densities in several small habitats compared with a single large habitat (Abele and
Patton 1976, Schroeder 1987, M cN eill and Fairweather 1993, Eggleston et al. 1998). Small
structures would also be less likely to attract large fish from surrounding areas, thus
concentrating them for easier exploitation by fishermen (Bohnsack 1989), and they would be
much less expensive to construct and deploy than the larger structures currently used today
(Bell et al. 1989).

122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LITERATURE CITED

Abele LG. Patton W K (1976) The size of coral heads and the community biology of
associated decapod crustaceans. Journal of Biogeography 3: 35-47

Agresti. A (1990) Categorical data analysis. John W iley and Sons, New York

Aronson RB (1986) Life history and den ecology o f Octopus briareus Robson in a marine
lake. Journal of Experimental Marine Biology and Ecology 95: 37-54

Attnll MJ. Strong JA, Rowden A A (2000) Are macroinvertebrate communities influenced by
seagrass structural complexity? Ecography 23: 114-121

Beck M W (1998) Comparison o f the measurement and effects of habitat structure on
gastropods in rocky intertidal and mangrove habitats. Marine Ecology Progress Series 169:
165-178

Bell J. Westoby M (1986) Abundance of macrofauna in dense seagrass is due to habitat
preference, not predation. Oecologia 6 8 : 205-209.

Bell M . Moore C. Murphey S (1989) Utilization of manufactured reef structures in South
Carolina’s marine artificial reef program. Bulletin o f Marine Science 44: 818-830

123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Bell SS (1985) Habitat complexity of polychaete tube caps: Influence of architecture on
dynamics of a meioepibenthic assemblage. Journal of Marine Research 43: 647-657

Biggs B, Goring D, Nikora V (1998) Subsidy and stress responses of stream periphyton to
gradients in water velocity as a function of community growth form. Journal of Phycology
34: 598-607

Bohnsack JA (1989) Are high densities of fishes at artificial reefs the result of habitat
limitation or behavioral preference? Bulletin of Marine Science 44: 631-645

Bohnsack JA, Harper DE, McClellan DB, Hulsbeck M (1994) Effects of reef size on
colonization and assemblage structure of fishes at artificial reefs o ff southeastern Florida,
U.S.A. Bulletin of Marine Science 55: 796-823

Bostrom C. Bonsdorff E (2000) Zoobenthic community establishment and habitat complexity
- the importance of seagrass shoot - density, morphology and physical disturbance for faunal
recruitment. Marine Ecology Progress Series 205: 123-138

Bousfield EL (1973) Shallow water gammaridean amphipoda o f New England.
Cornell University Press, Ithaca, N .Y .

124

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Buchheim JR. Hixon M A (1992) Competition for shelter holes in the coral-reef fish
Acanthemblemoria spinosa Metzelaar. Journal o f Experimental Marine Biology and Ecology
164: 45-54

Caine EA (1974) Comparative functional morphology of feeding in three species of
caprellids (crustacea. amphipoda) from the northwestern Florida gulf coast. Journal of
Experimental Marine Biology and Ecology 15: 81-96

Carr M H . Hixon M A (1997) Artificial reefs: The importance of comparisons with natural
reefs. Fisheries 22: 28-33

Cicchetti G (1998) Habitat use. secondary production, and trophic export by salt marsh
nekton in shallow waters. Virginia Institute of Marine Science dissertation, The College of
W illiam and Mary

C liff A D , Ord JK (1973) Spatial Autocorrelation. Pion Limited, London.

Coen L. Heck K L Jr., Abele L (1981) Experiments on competition and predation among
shnmps on seagrass meadows. Ecology 62: 1484-1493

Coull BC. Wells JBJ (1983) Refuges from fish predation: Experiments with phytai
meiot'auna from the New Zealand rocky intertidal. Ecology 64: 1599-1609

125

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Dahlgren C (1998) Population dynamics of early juvenile Nassau grouper: an integrated
modeling and field study, North Carolina State University, PhD. Thesis

Dahlgren C, Eggleston D (2000) Ecological processes underlying ontogenetic habitat shifts
in a coral reef fish. Ecology 81: 2227-2240

Dauer D M . Ewing R M , Sourbeer JW, Harlan W T, Stokes T L Jr. (1982) Nocturnal
movements of the macrobenthos of the LaFayette River, Virginia. Internationale Revue der
Gesamten Hydrobiologie 67: 761-775

Dean RL, Connell JH (1987) Marine invertebrates in an algal succession III, mechanisms
linking habitat complexity with diversity. Journal of Experimental Marine Biology and
Ecology 109: 249-273

Diehl S (1988) Foraging efficiency of three freshwater fishes: Effects of structural
complexity and light. Oikos 53: 207-214

Dickman CR (1992) Predation and habitat shift in the house mouse, Mus domesticus.
Ecology 73: 313-322

Duffy JE (1992) Host use patterns and demography in a guild of tropical sponge dwelling
shrimp. Marine Ecology Progress Series 90: 127-138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Duffy JE, Harvilicz A M (Submitted) Species-specific impacts of grazing amphipods in an
eelgrass-bed community. Marine Ecology Progress Series

Duffy JE. Hay M E (1991) Food and shelter as determinants of food choice by an herbivorous
marine amphipod. Ecology 72: 1286-1298

Duffy JE. Macdonald KS, Rhode JM , Parker JD (in press) Grazer diversity, functional
redundancy and productivity in seagrass beds: an experimental test. Ecology

Edgar GJ (1983) The ecology of south-east Tasmanian phytal animal communities II:
seasonal change in plant and animal populations. Journal of Experimental Marine Biology
and Ecology 70: 159-179

Edgar GJ ( 1990a) The influence o f plant structure on the species richness, biomass and
secondary production of macrofaunal assemblages associated with Western Australia
seagrass beds. Journal of Experimental Marine Biology and Ecology 137: 215-240

Edgar GJ ( 1990b) Population regulation, population dynamics and competition amongst
mobile epifauna associated with seagrass. Journal of Experimental Marine Biology and
Ecology 144: 205-234

Edgar G J (1993) Measurement of the carrying capacity of benthic habitats using a
metabolic-rate based index. Oecologia 95: 115-121

127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Edgar GJ. Aoki M (1993) Resource limitation and fish predation: their importance to mobile
epifauna associated with Japanese Sargassum. Oecologia 95: 122-133

Eggleston D, Etherington L, Elis W (1998) Organism response to habitat patchiness: species
and habitat-dependent recruitment o f decapod crustaceans. Journal of Experimental Marine
Biology and Ecology 223: 111-132

Finelli C M (2000) Velocity and concentration distributions in turbulent odor plumes in the
presence of vegetation mimics. Marine Ecology Progress Series 207: 297-309

Fonseca MS. Zieman JC. Thayer G W . Fisher JS (1983) The role o f current velocity in
structuring eelgrass (Zostera marina L.) meadows. Estuarine Coastal and Shelf Science 17:
367-380

Fredette TJ. Diaz RJ (1986) Life history of Gammarus mucronatus Say (amphipoda:
gammaridae) in warm temperate estuarine habitats. York River Virginia. Journal of
Crustacean Biology 6 : 57-78

Fnedlander A M . Parrish JD (1998) Habitat characteristics affecting fish assemblages on a
Hawaiian coral reef. Journal of Experimental Marine Biology and Ecology 224: 1-30

128

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Glass NR (1971) Computer analysis of predation energetics in large mouth bass. In: Patton
BC (ed) Systems analysis and simulations in ecology vol. 1. Academic Press, inc.. New
York, p 325-34S

Gorham JC, Alevizon WS (1989) Habitat complexity and the abundance o f juvenile fishes
residing on small scale artificial reefs. Bulletin of Marine Science 44: 662-665

Gotceitas V. Colgan P (1989) Predator foraging success and habitat complexity: Quantitative
test of the threshold hypothesis. Oecologia 80: 158-166

Graham S. Davis J, Deegan L, Cebrian J, Hughes J, Hauxwell J (1998) Effect o f eelgrass
CZostera marina) density on the feeding efficiency of mummichog (Fundulus heteroclitus).
Biological Bulletin 195: 241-243

Grossman G D , Jones GP, Seaman WJ Jr. (1997) Do artificial reefs increase regional fish
production? A review of existing data. Fisheries 22(4): 17-23

Hacker SD, Steneck RS (1990) Habitat architecture and the abundance and body-sizedependent habitat selection o f a phytal amphipod. Ecology 71: 2269-2285

Heck K L Jr.. Crowder LB (1991) Habitat structure and predator-prey interactions in
vegetated aquatic systems. In: Bell SS, McCoy ED, Mushinsky H R (eds) Habitat structure,
the physical arrangement o f objects in space. Chapman and Hall, New York, p 281-299

129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Heck K L Jr., Orth RJ (1980) Seagrass habitats: The roles of habitat complexity, competition
and predation in structuring associated fish and motile macroinvertebrate assemblages. In
Kennedy VS (ed) Estuarine perspectives. Academic Press inc.. New York, p 449-464

Heck K L Jr., Thoman T A (1981) Experiments on predator-prey interactions in vegetated
aquatic habitats. Journal o f Experimental Marine Biology and Ecology 53: 125-134

Heck KL Jr.. Wetstone GS (1977) Habitat complexity and invertebrate species richness and
abundance in tropical seagrass meadows. Journal of Biogeography 4: 135-142

Hermkind VVF. Butler MJ IV , Hunt JH (1997) Can artificial habitats that mimic natural
structures enhance recruitment of Caribbean spiny lobster? Fisheries 22(4): 24-27

Hicks G R F (1985) Meiofauna associated with rocky shore algae In: Moore PG, Seed R (eds)
The ecology of rocky coasts. Hoder and Stoughton, London, p 36-64

Hixon M A (1991) Predation as a process structuring coral reef fish communities. In: Sale PF
(ed) The ecology of fishes on coral reefs. Academic Press, inc., San Diego, C A, p 475-508

Hixon M A , Beets JP (1989) Shelter characteristics and Carribean fish assemblages:
Experiments with artificial reefs. Bulletin of Marine Science 44: 666-680

130

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Hixon M A , Beets JP (1993) Predation, prey refuges, and the structure o f coral-reef fish
assemblages. Ecological Monographs 63: 77-101

Holmquist JG (1994) Benthic macroalgae as a dispersal mechanism for fauna: influence of a
marine tumbleweed. Journal of Experimental Marine Biology and Ecology 180: 235-251

Hovel K A (1999) The effect of seagrass fragmentation on juvenile blue crab survival.
Virginia Institute of Marine Science dissertation, The College o f W illiam and Mary.

Isaksson I. Pihl L, Van Montfrans J (1994) Eutrophication-related changes in
macrovegetation and foraging of young cod (Gadus morhua L.): a mesocosm experiment.
Journal of Experimental Marine Biology and Ecology 177: 203-217

James PL. Heck K L Jr. (1994) The effects of habitat complexity and light intensity on
ambush predation within a simulated seagrass habitat. Journal of Experimental Marine
Biology and Ecology 176: 187-200

Jordan F. DeLeon CJ, McCreary AC (1996) Predation, habitat complexity, and distribution
of the crayfish Procambams alleni within a wetland mosaic. Wetlands 16: 452-457

Kenyon RA, Loneragan N R, Hughes JM (1995) Habitat type and light affect sheltering
behavior of juvenile tiger prawns (Panaeus esculentus Haswell) and success rate of their fish
predators. Journal of Experimental Marine Biology and Ecology 192: 87-105

131

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Kenyon RA, Loneragan NR, Hughes JM, Staples DJ (1997) Habitat type influences the
microhabitat preference of juvenile tiger prawns (Panaeus esculentus Haswell and Panaeus
semisulcatus DeHaan) Estuarine Coastal and Shelf Science 45: 393-403

Kitting C L (1984) Selectivity by dense populations of small invertebrates foraging among
seagrass blade surfaces. Estuaries 7: 276-288

Lewis FG I I I (1984) Distribution of macrobenthic crustaceans associated with Thalassia,
Halodule and bare sand substrata. Marine Ecology Progress Series 19: 101-113

Lima SL (1992) Vigilance and foraging substrate: antipredator considerations in a non
standard environment. Behavioral Ecology and Sociobiology 30: 283-289

Lima SL, Wiebe KL, D ill L M (1987) Protective cover and the use of space by finches: Is
closer better? Oikos 50: 225-230

Lipcius RN. Eggleston DB, M iller D L , Luhrs T C (1998) The habitat-survival function for
Carribean spiny lobster: An inverted size effect and non-linearity in algal and seagrass
habitats. Marine and Freshwater Research 149: 807-816

Main K (1987) Predator avoidance in seagrass meadows: Prey behavior, microhabitat
selection and cryptic coloration. Ecology 6 8 : 170-180

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

McCoy ED, Bell SS (1991) Habitat structure: The evolution and diversification o f a complex
topic. In: Bell SS, M cCoy ED, Mushinsky HR (eds) Habitat structure, the physical
arrangement of objects in space. Chapman and Hall, New York, p 3-27

McNeill S. Fairweather P (1993) Single large or several small marine reserves? An
experimental approach with seagrass fauna. Journal o f Biogeography 20: 429-440

Moksnes P-O, Pihl L, Van Montfrans J (1998) Predation on postlarvae and juveniles of the
shore crab Carcinus maenas: importance of shelter, size and cannibalism. Marine Ecology
Progress Series 166: 211-225

Nelson W G , Bonsdorff E (1990) Fish predation and habitat complexity: Are complexity
thresholds real ?Journal of Experimental Marine Biology and Ecology 141: 183-194

Nemeth RS (1998) The effect of natural variation in substrate architecture on the survival of
juvenile bicolor damselfish. Environmental Biology o f Fishes 53: 129-141

O'Connor N A (1991) The effects o f habitat complexity on the macroinvertebrates colonising
wood substrates in a lowland stream Oecologia 85: 504-512

Orth RJ, Heck K L Jr., Van Montfrans J (1984) Faunal communities in seagrass beds: A
review of the influence o f plant structure and prey characteristics on predator-prey
relationships. Estuaries 7: 339-350

133

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Pettersson LB. Bronmark C (1993) Trading o ff safety against food: state dependent habitat
choice and foraging in Crucian carp. Oecologia 95: 353-357

Pierce C L (1988) Predator avoidance, microhabitat shift, and risk-sensitive foraging in larval
dragonflies. Oecologia 77: 81-90

Pihl L, Isaksson I, Wennhage H, Moksnes P -0 (1995) Recent increase of filamentous algae
in shallow Swedish bays: Effects on the community structure of epibenthic fauna and fish.
Netherlands Journal of Aquatic Ecology 29: 349-358

Pihl L. Magnusson G, Isaksson I, Wallentius I (1996) Distribution and growth dynamics of
ephemeral macroalgae in shallow bays on the Swedish west coast. Journal of Sea Research
35: 169-180

Polovina JJ and Sakai I (1989) Impacts of artificial reefs on fishery production in Shimaki.
Japan. Bulletin of Marine Science 44: 997-1003

Ruiz G M . Hines A H , Posey M H (1993) Shallow water as a refuge habitat for fish and
crustaceans in non-vegetated estuaries: an example from Chesapeake Bay. Marine Ecology
Progress Series 99: 1-16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Rver C (1988) Pipe fish foraging: Effects of fish size, prey size and altered habitat
complexity. Marine Ecology Progress Series 48: 37-45

Sanford E. Bermudez D, Bertness M D , Gaines SD (1994) Flow, food supply and acorn
barnacle population dynamics. Marine Ecology Progress Series 104: 49-62

Savino JF. Stein RA (1982) Predator-prey interaction between large mouth bass and bluegills
as influenced by simulated, submerged vegetation. Transactions of the American Fisheries
Society 111: 255-266

Savino JF. Stein RA (1989) Behavioural interaction between fish predators and their prey:
effects of plant density. Animal Behaviour 37: 311-321

Seaman W Jr., Spraugue L M (eds.) 1991 Artificial habitats for marine and freshwater
fisherires. Academic press, San Diego, C A

Schneider KJ (1984) Dominance, predation and optimal foraging in white-throated sparrow
flocks. Ecology 65: 1820-1827

Schroeder R (1987) Effects of patch reef size and isolation on coral reef fish recruitment,
Bulletin of Marine Science 41: 441-451

135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Schulman J (1996) Habitat complexity as a determinant of juvenile blue crab survival.
Virginia Institute of Marine Science dissertation, The College of W illiam and Mary

Shulman M (1985) Recruitment of coral reef fishes: effects o f distribution o f predators and
shelter. Ecology 6 6 : 1056-1066

Steger R (1987) Effects of refuges and recruitment on gonodactylid stomatopods, a guild of
mobile prey. Ecology 6 8 : 1520-1533

Stokes M , Davis C, Koch G (1995) Categorical data analysis using the SAS system. SAS
Institute Inc., Cary, N.C.

Stoner A W (1980) Perception and choice of substratum by epifaunal amphipods associated
with seagrasses. Marine Ecology Progress Series 3: 105-111

Stoner A W (1982) The influence of benthic macrophytes on the foraging behavior o f pinfish,
Lai’odon rhomboides (Linneus). Journal of Experimental Marine Biology and Ecology 58:
271-284

Stoner A W (1983) Distributional ecology o f amphipods and tanaidaceans associated with
three seagrass species. Journal of Crustacean Biology 3: 505-518

13 6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Stoner A W , Lewis FG III. (1985) The influence of quantitative and qualitative aspects of
habitat complexity in tropical sea-grass meadows. Journal o f Experimental Marine Biology
and Ecology 94: 19-40

Sweitzer RA, Berger J (1992) Size related effects o f predation on habitat use and behavior of
porcupines (Erethizon dorsatum). Ecology 73: 867-875

Takeuchi I, Kuwabara R, Hirano R, Yamakawa H (1987) Species compositions of the
caprellidae (crustacea: amphipoda) o f the Sargassum zone on the Pacific coast of Japan.
Bulletin of Marine Science 41: 253-267

Thompson T L , Glenn EP (1994) Plaster standards to measure water motion. Limnology and
Oceanography 39: 1768-1779

Underwood AJ (1997) Experiments in ecology: their logical design and interpretation using
analysis of variance. Cambridge University Press, Cambridge, United Kingdom.

Van Dolah RF (1978) Factors regulating the distribution and population dynamics of the
amphipod Gammarus palustris in an intertidal salt marsh community. Ecological
Monographs 48: 191-217

Van Montfrans J, Orth RJ, Vay SA (1982) Preliminary studies o f grazing by Bittium varium
on eelgrass periphyton. Aquatic Botany 14: 75-89

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Vince S, Valiela I, Backus N , Teal J (1976) Predation by the salt marsh killifish Funduliis
heteroclitus (L.) in relation to prey size and habitat structure: Consequences for prey
distributions and abundance. Journal of Experimental Marine Biology and Ecology 23: 255266

Vimstein RW . Curran M C (1986) Colonization of artificial seagrass versus time and distance
from source. Marine Ecology Progress Series 29:279-288

Weissburg MJ, Zimmer-Faust R K (1993) Life and death in moving fluids: hydrodynamic
effects on chemosensory mediated predation. Ecology 74: 1428-1443

Werner EE. Hall DJ (1988) Ontogenetic habitat shifts in bluegill: The foraging rate-predation
risk trade off. Ecology 69: 1352-1366

Young D K , Buzas M A , Young M W (1976) Species densities of macrobenthos associated
\\ ith seagrass: a field experimental study of predation. Journal of Marine Research 34: 577592

Zimmerman R, Gibson R, Harrington J (1979) Herbivory and detritivory among
gammaridean amphipods from a Florida seagrass community. Marine Biology 54: 41-47

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

VITAE

Aaron Bartholomew was bom February 12th, 1973 in New Haven, Connecticut. He graduated
from Ithaca High School, Ithaca, New York in 1991. He was awarded the rank o f Eagle
Scout from the Boy Scouts of America the same year. He graduated cum laude with honors
from the University o f Miam i with a dual major degree in Marine Science and Biology and a
minor in Chemistry in December of 1994. He entered the doctoral program of the School of
Marine Science at the College of W illiam and M ary August of 1996 with a fellowship. He
was awarded an E.P.A. S.T.A.R. fellowship in September of 1998. His best accomplishment,
however, was marrying his lovely wife Padma T. Venkatraman on December 25th, 1998, in
Chennai India.

139

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

